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[bookmark: BackToTop]A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) N 
B.  Software: Does your protocol include detailed, step-by-step instructions involving computer-controlled instrumentation or other software? (Y/N) Y
[bookmark: BackToQues]C.  Procedure Highlights: Of the steps to be filmed, which will viewers benefit most from seeing? Please list 4-6 steps from this script by their step numbers (e.g. 2.1).
Steps 3.2, 3.3, 3.4, 3.10, 3.12
D.  Critical Steps: What is the single most difficult aspect of this procedure? Please list 1-2 steps from this script and briefly describe how you ensure success.
No single most difficult step. Nothing is really hard, but procedure 2 is very time-consuming and intensive due to the large number of steps requiring many machines.
E.  Filming: Will filming need to take place in multiple locations? (Y/N) N
Henk
Karolien
Klaas
Mirjam
Karolien and Mirjam
[bookmark: _Hlk516663983]
Action list:
· Turn off Katrien: Henk
· Arrange SLG, SLG/Mo, SLG/Mo etched, SLG/Mo/CIGS, if possible also with CdS and ZnO: Henk
· Registrate guests: Mirjam
· Finish shot list: Mirjam
· Talk to Marcel about CdS and ZnO: Mirjam
· Arrange beakers with text: Karolien
· Reserve hood: Mirjam
· Change to coevap and arrange coevap: Mirjam
· Arrange pictures (with Andrea): Karolien
· Arrange 3 nice samples for measurement: Karolien
· Prepare analysis equipment: Karolien
· Arrange sample holders: Klaas
· Remove cold-sky: Klaas/Lia
· Arrange sample with worm: Klaas
· Arrange degraded samples: Karolien

Time-table availability:
Filmer: present from 9 am
Henk: present until 3 pm
Lia: present from 10 am
Karolien: all day except 11-12 am
Mirjam: all day except kolven
Klaas: all day
Marcel: 11-12 am

Time-table (hopefully)
Henk: 9 am -1 pm
Klaas: 12 am – 5 pm
Mirjam and Karolien: all day
Marcel: 11-12 am
Lia: 10 am – 4 pm 
[bookmark: Introduction]

1. Introduction (Experimental Goal and Author Interviews)

A. Experimental Goal (Spoken by voice talent at JoVE.)

The overall goal of this procedure is to obtain better, more relevant insight into failure mechanisms in solar cells and modules under multi-stress conditions, which will be demonstrated using CIGS (C-I-G-S) solar cells. (Intro)
B.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. Mirjam Theelen: This method can help answer key questions in the field of photovoltaics reliability about the combined effects of temperature, humidity, illumination, and electrical biases.
1.2. Mirjam Theelen: Compared to ‘standard’ mono-stress reliability tests, this method has the following advantages: real-time device performance monitoring, exposure to combined stresses, and reduced testing time.
C.  Optional Interview Statements (Said by you on camera. Don’t forget to smile!)
1.3. Evangelia Miliou: The combination of stresses can be tuned to simulate local climates, such as desert or polar conditions. Electrical biases can be tuned to simulate effects like partial shading.
1.4. Mirjam Theelen: Real-time performance monitoring allows simpler and faster testing and provides a greater level of knowledge about the process, leading to better prediction and reduction of degradation mechanisms.
D. Introduction of Demonstrator (Said by you on camera. Don’t forget to smile!)
1.5. Mirjam Theelen: Demonstrating the procedure will be Henk Steijvers, Klaas Bakker, and Karolien Saliou, all from Solliance.
1.5.1. Mirjam speaks towards the camera, interview style.
1.5.2. Henk Steijvers (at CIGS deposition), Klaas Bakker (at Katrien climate chamber), and Karolien Saliou (at LIT setup) look up and acknowledge the camera.
Note: If these three locations cannot be shown in one shot, then please use multiple shots as needed.

[bookmark: Protocol]Protocol (Spoken by voice talent at JoVE.)
2. Thin Film Cu(In,Ga)Se2 (CIGS) Solar Cell Fabrication
2.1. To begin the procedure, deposit 0.5 µm of molybdenum (muh-lib-deh-num /məˈlɪb də nəm/) on a soda lime glass substrate (sub-straight /ˈsʌb streɪt/) by direct current sputter coating in a bilayer stack sequence. [1-MED-Over shoulder-TXT]
2.1.1. Talent opens the sputter-coater loadlock or sample transfer chamber, takes out a SLG substrate that has already been sputter-coated with 0.5 µm of Mo, and closes the chamber. (TEXT: 1 mm x 75 mm x 25 mm)
2.2. Then, use a solution of 1 M sodium hydroxide (high-drock-side /haɪˈdrɒk saɪd/) and 0.3 M potassium ferricyanide (fair-ee-sigh-uh-nide /ˌfɛr iːˈsaɪ əˈnaɪd/) to electrochemically etch [1-MED] a 6-mm-wide stripe in the molybdenum at the edge of one long side. [2-ECU]
2.2.1. Talent places/dips the sample in a shallow tray or container of the etching solution.
2.2.2. A close-up shot of a sample after etching to show the etched 6-mm-wide stripe at the edge.
2.3. Next, deposit a 2-µm-thick CIGS absorber layer by co-evaporation in a vacuum chamber under a copper, indium (in-dee-um /ˈɪn diː əm/), gallium (gal-lee-um /ˈgæl liː əm/), and selenium (seh-lee-nee-um /səˈliː niː əm/) atmosphere. [1-MED-Over shoulder]
2.3.1. Talent opens the sample chamber of the deposition instrument and removes a sample on which CIGS has already been deposited.
2.4. [bookmark: _Hlk479690597]Then, deposit 50 nm of cadmium sulfide (cad-me-um sul-fide /ˈkæd mi əm ˈsʌl faɪd/) on the sample by chemical bath deposition (dep-oh-zish-un /ˌdɛp əˈzɪʃ ən/). [1-MED-TXT] Use radio frequency sputtering to deposit 50 to 65 nm of intrinsic zinc oxide (ock-side /ˈɒk saɪd/) and 800 to 1,000 nm of aluminum-doped zinc oxide on the sample. [2-MED-Over shoulder]
2.4.1. Talent places a CIGS sample in the chemical bath for chemical bath deposition. The chemical bath container should be labeled, if possible. (TEXT: See text for chemical bath composition.)
2.4.2. Talent opens the RF sputtering sample chamber and removes a sample on which 65 nm of i-ZnO and 1 µm of Al:ZnO have already been deposited.
2.5. Next, use a blade to remove the top four layers in a 14-mm-wide stripe on the non-etched long edge of the sample, [1-MED-Over shoulder] leaving the molybdenum back contact intact. [2-CU]
2.5.1. Talent begins scratching away the 14-mm-wide stripe on the non-etched long edge. (~8-9 s of footage of scratching the stripe)
2.5.2. Talent finishes scratching away the stripe and shows the camera the sample with the 14-mm-wide stripe etched down to the Mo back contact.
2.6. Center a mask on the sample and sputter-coat the sample edges with 60 nm of gold to form the contacts. [1-MED-Over shoulder] Then, use a glass cutter or diamond pen to cut the sample into 7-mm-wide pieces, [2-MED] thereby forming samples with 7 mm x 5 mm cell surfaces. [3-CU]
2.6.1. Talent opens the gold sputter-coater, takes out a masked sample that has already been sputter-coated with gold, and removes the mask.
2.6.2. Talent begins cutting the sample into 7-mm-wide pieces. (~5-6 s of footage of cutting the sample)
2.6.3. With at least one 7-mm-wide piece having been cut from the sample already, talent cuts another 7-mm-wide piece from the sample and moves it to the side so that the camera has a clear view of it.
2.7. Mirjam Theelen: You can use every type of solar cell or module as long as you can contact them in a reliable way. This requires contacts made of stable materials, like gold. Otherwise, you might be testing the stability of your contacts. [1-MED]
2.7.1. Talent speaks towards the camera, interview style.
2.8. Next, measure the ex situ (ex sit-you /ˈɛks ˈsɪt uː/) current-voltage performance of the sample solar cells under standard conditions in a four-point probe configuration. [1-MED-Over shoulder]
2.8.1. Talent places a sample in a four-point current-voltage tester (or connects the probes to a sample if a standalone testing instrument is not used) and starts the test.
2.9. Then, place a sample under an illuminated lock-in thermography (ther-maw-gruh-fee /ˌθərˈmɑː grə fiː/) device [1-MED] with IR (I-R) illumination and a 15-µm IR camera lens. [2-WIDE] Illuminate the sample and map the spatial differences in temperature. [3-MED-Over shoulder]
2.9.1. Talent places the sample under the ILIT device.
2.9.2. Talent turns on the ILIT device and any associated equipment (e.g., Peltier cooling, camera, software, etc.).
2.9.3. Talent captures one or more ILIT images and runs an analysis to map the spatial differences in temperature.
2.10. [bookmark: _Hlk506038769][bookmark: _Hlk506038790]After that, place the sample under a photoluminescence (fo-toh-loo-mih-ness-ense /ˌfoʊ toʊ lu mɪˈnɛs əns/) mapping instrument with a high-power LED [1-MED] and record a spatial photoluminescence image. [2-MED-Over shoulder]
2.10.1. Talent opens the PL mapping device, places the sample in the device, and closes the device.
2.10.2. Talent captures an image from the PL mapping device.
2.11. Karolien Saliou: You should also use several other analysis techniques, including electroluminescence, spectral photoluminescence, external quantum efficiency measurements, and microscopy. Based on these measurements before and after exposure, the degradation mechanisms can be determined and linked to the pre-exposure properties. [1-MED]
2.11.1. Talent speaks towards the camera, interview style.
2.12. Evaluate each sample for visual and lateral defects in this way. [1-MED-Over shoulder] Store at least two non-adjacent samples in an argon-filled glovebox as references. [2-MED]
2.12.1. Talent looks at representative ILIT and PL images for another cell. (These can be images that were previously collected and have been transferred to another computer, if that is more convenient.)
2.12.2. In an Ar-filled glovebox, talent opens the antechamber (which has already been properly purged) and brings two samples into the glovebox.
3. CIGS Solar Cell Degradation Testing by Combined Stress Tests with In Situ Measurements (CSI)
3.1. Mount the non-reference solar cells in sample holders that cast no shadows on the cells. [1-MED-Over shoulder] Ensure that the measurement pins of the holders contact the front and back gold contacts of the samples. [2-CU]
3.1.1. Talent places a sample in a sample holder.
3.1.2. Talent points out the measurement pins in an empty sample holder and then places a sample in the holder to show how the measurement pins will be in contact with the gold contacts.
3.2. Place the sample holders on the sample rack of the CSI (C-S-I) setup to enable electrical contact between the solar cells and the measurement tools. [1-MED] Connect thermocouples (ther-mo-cup-uls /ˈθɜːr moʊˌkʌp əls/) to the samples. [2-MED] 
3.2.1. Talent places each of the sample holders on the sample rack.
3.2.2. Talent attaches the thermocouples to the samples.
3.3. Position the sample rack for illumination by an AM 1.5 (air mass 1.5) light source. [1-MED-TXT] Then, turn on the solar simulator, the measurement equipment, the climate chamber, and the control computer. [2-WIDE]
3.3.1. Talent places the sample rack on the dedicated position. (TEXT: See text for light source specifications.)
3.3.2. Talent turns on each of the devices named.
3.4. Open the measurement logging software to initialize the instruments. [1-MED-Over shoulder] Then, design illumination profiles for the measurements. [2-SCREEN]	Comment by Theelen, M.J. (Mirjam): To the bottom of the screen it is written: Irradiance not set – Please cut off!	Comment by Theelen, M.J. (Mirjam): Modify to: Shortly turn on the illumination and measure a reference cell
3.4.1. Talent opens the measurement logging software.
3.4.2. *To be provided by authors: Screen capture footage of loading an already-saved illumination profile or filling in the parameters for a new illumination profile.
3.5. Next, fill in the sample information and select the linked thermocouple for each sample position. [1-SCREEN] Then, set the initial voltage, final voltage, and number of steps for the current-voltage measurements. [2-SCREEN]
3.5.1. *To be provided by authors: In the ‘Multiplexer Presets’ pane of the ‘Hardware Settings’ menu, screen capture footage of filling in the label, selecting the thermocouple, and filling in the area for the first cell, and then selecting the next cell in the drop-down menu.
3.5.2. *To be provided by authors: With all the sample information having been programmed, screen capture footage of setting the initial voltage, final voltage, and step voltage or number of points.
3.6. Set the auto-save locations for the current-voltage data. [1-SCREEN] Define electrical biases for the samples if desired. [2-SCREEN]
3.6.1. *To be provided by authors: In the ‘Auto Save’ section of the ‘Options’ menu, screen capture footage of setting the file path for the automatic saving of IVT files.
3.6.2. *To be provided by authors: In the ‘ReRa CAN loads’ pane of the ‘Hardware Settings’ menu, screen capture footage of double-clicking on a specific load and changing the load in the window that pops up.	Comment by Theelen, M.J. (Mirjam): Example of a load
3.7. Then, create a measurement sequence and add the appropriate sample locations. [1-SCREEN] Set the waiting time between sequences in the automatic measurement window. [2-SCREEN]
3.7.1. *To be provided by authors: With the ‘Multiplexer Settings’ window open, screen capture footage of clicking on ‘New Sequence’, naming the experiment, and then selecting a cell and adding it to the list of monitored specimens.
3.7.2. *To be provided by authors: In the ‘Automatic Measurements’ window, screen capture footage of selecting the sequence and setting the time interval between sequences.	Comment by Theelen, M.J. (Mirjam): The end already belongs to 3.9.2
3.8. Next, program the climate chamber to hold at 5 °C for a set duration before ramping to 85 °C at 0.1 to 0.3 °C/min, followed by a rapid increase to 85% relative humidity. [1-MED-Over shoulder]
3.8.1. With the climate chamber interface showing the setup menu of a program, talent points out the initial temperature and duration, the temperature ramping step, and the humidity ramping step. (TEXT: See text for more information about experiment temperatures.)
Note: It may be helpful to read parts of this step aloud so that the visual pacing is matched to the voice-over.
3.9. Then, start the climate chamber sequence, switch to the monitoring window, [1-MED-Over shoulder] and start recording current-voltage measurements. [2-SCREEN]
3.9.1. On the climate chamber interface, talent presses ‘start’ to start the sequence, goes back to the main window, and presses the box for the monitoring window.
3.9.2. *To be provided by authors: Screen capture footage of starting the automatic measurements.	Comment by Theelen, M.J. (Mirjam): Overlap with 3.7.2
3.10. Monitor the chamber and sample temperatures during the initial stabilization at 5 °C [1-WIDE] and during the ramp to 85 °C. Confirm that the electrical parameters are being logged and current-voltage curves are being generated. [2-SCREEN]
3.10.1. Talent looks at the climate chamber readout during the initial stabilization, and then goes to the computer as though about to check the software.
3.10.2. *To be provided by authors: During the temperature ramp, screen capture footage of using the cursor to point out the temperature measurements, and then displaying and using the cursor to point out the electrical parameters being logged, followed by displaying and using the cursor to point out the IV curves being generated.	Comment by Theelen, M.J. (Mirjam): Please do not use red data points, something went wrong there, later in the movie, this point was removed. The timings are not representative, normally this takes a couple of hours, so they should not be too visible
3.11. Once the chamber reaches 85 °C, confirm that the chamber humidity increases to 85%. [1-MED-Over shoulder] Note this as the starting time of the degradation experiment. [2-MED]
3.11.1. Talent watches the climate chamber readout as the temperature reaches 85 °C and the humidity starts increasing.
3.11.2. With the RH now at 85% on the interface, talent looks at a clock/the time readout on the climate chamber interface/some other display of the time.
3.12. Leave the samples in the instrument for hundreds to thousands of hours, measuring the voltage curves every 5 to 10 minutes. [1-MED-Over shoulder] Adjust the electrical biases applied to the samples during the experiment as desired. [2-SCREEN]
3.12.1. While the experiment process runs, talent looks at recorded IV curves for a few example cells, and then looks at the electrical parameters.
3.12.2. *To be provided by authors: Screen capture footage of changing the electrical bias of one of the cells while the experiment process is running.
3.13. At the end of the experiment, allow the chamber to cool to room temperature over several hours before removing the samples. [1-MED-Over shoulder] Plot the changes in electrical parameters as a function of exposure time. [2-SCREEN]
3.13.1. Talent changes the climate chamber program to the cooling program, starts the program, and switches to the monitoring window.
3.13.2. *To be provided by authors: Screen capture footage of plotting changes in electrical parameters as a function of exposure time using a representative dataset.
Authors: If you would like to replace screen capture footage of plotting representative data with any of the figures used in the results section, please change the ‘SCREEN’ text to ‘LM’ in the above step and list the file names of the files that you would like to show here.
3.14. Remove the cooled samples from the chamber [1-MED] and promptly repeat the ex situ measurements 
3.14.1. Talent removes the samples from the chamber.
3.14.2. Talent places a sample on the four-point current-voltage tester. (This sample can be any previously-tested degraded sample that you have on hand.)
3.15. [bookmark: _Hlk494890631]Afterwards, characterize both the degraded and reference samples [1-WIDE] with X-ray diffraction (dih-frak-shun /dɪˈfræk ʃən/), secondary ion mass spectroscopy (spek-tross-kuh-pee /ˌspɛkˈtrɒs kə piː/), X-ray photoelectron spectroscopy, and other techniques to further investigate failure mechanisms. [2-SCREEN]
3.15.1. Talent goes to a computer on which XRD, SIMS, and XPS images of degraded and reference samples have been saved.
3.15.2. *To be provided by authors: Screen capture footage of displaying representative, previously-obtained XRD, SIMS, and XPS images of degraded and reference CIGS samples.
4. Results: Examples of CIGS Solar Cell Degradation Trends
4.1. In this example, data recorded during the temperature ramp prior to CIGS solar cell degradation experiments showed that the open circuit voltage varied as a function of temperature [1-LM]
4.1.1. Figure 5 (Figure 5.tif): On “varied…”, emphasize the diagonal lines, which show the open-circuit voltage temperature dependence.
Authors: If you would like to update the figures, please upload the new figures to your project folder and replace the file names in the script with the file names of the new files.
4.2. These CIGS solar cells degraded in efficiency when simultaneously exposed to light, heat, and humidity. [1-LM] Minimal degradation was observed when the solar cells were exposed to dry heat and light. [2-LM]
4.2.1. Figure 3, damp heat data only (Figure 3 damp heat data only.png)
4.2.2. Figure 3 (Figure 3.tif): Emphasize the red/pink lines, which show the data collected in dry heat and light conditions.
4.3. Here, a low negative bias voltage had a more negative effect on CIGS solar cell stability [1-LM] than short circuit, [2-LM] open circuit, [3-LM] or maximum power point conditions in damp heat and light. [4-LM]
4.3.1. Figure 4 (Figure 4.tif): Add the caption “Measurements executed at elevated temperatures.” Emphasize the top row of the legend (-0.5 V) and the black and grey lines in the graph, which show the data for the low negative bias voltage conditions.
4.3.2. Figure 4 (Figure 4.tif), retaining the caption from above: Emphasize the second row in the legend (0 V) and the blue lines in the graph, which show the short-circuit data.
4.3.3. Figure 4 (Figure 4.tif), retaining the caption from above: Emphasize the bottom row in the legend (VOC) and the red/orange lines, which show the open circuit data.
4.3.4. Figure 4 (Figure 4.tif), retaining the caption from above: Emphasize the third row in the legend (VMPP) and the green lines, which show the maximum power point conditions.
4.4. A set of CIGS solar cells fabricated with high sodium and potassium contents [1-LM] initially showed high efficiencies when illuminated in damp heat, [2-LM] but they degraded faster than standard cells. [3-LM]
4.4.1. Figure 6 left, alkali-rich data only (Figure 6 left alkali-rich.png): Emphasize ‘Alkali-rich’ in the caption on the graph.
4.4.2. Figure 6 left, alkali-rich data only (Figure 6 left alkali-rich.png): Emphasize the starting points of the blue lines on the vertical axis, showing that the cells start with high efficiencies.
4.4.3. Figure 6 left, alkali-rich data only (Figure 6 left alkali-rich.png): Emphasize the steep drop in the lines to show that the cells degrade rapidly.
4.5. However, cells fabricated with low alkali (al-kuh-lye /ˈæl kəˌlaɪ/) contents [1-LM] remained relatively stable under the same conditions. [2-LM] Further analysis revealed a corresponding sharp decrease in the shunt resistance of alkali-rich cells, which was attributed to the migration of sodium. [3-LM]
4.5.1. Figure 6 left, both sets of data (Figure 6 left.png): Emphasize ‘Alkali-poor’ in the caption on the graph.
4.5.2. Figure 6 left, both sets of data (Figure 6 left.png): Emphasize the pink/purple lines to show the relatively-stable efficiencies.
4.5.3. Figure 6 (Figure 6.tif): On “corresponding sharp…”, emphasize the steep decrease in the blue lines to show the rapid decrease in shunt resistance.
5. Conclusion (Said by you on camera. Don’t forget to smile!)
5.1. Mirjam Theelen: Following this procedure, the devices should be analyzed thoroughly again. Based on these results, the degradation mechanisms can be determined.
5.2. Evangelia Miliou: This technique also allows the determination of the degradation behaviour of full scale modules.

[bookmark: ProvidedMedia]PROVIDED MEDIA
Authors: Name new or modified files with the scheme 01234_PIname_Figure1.tif, where 01234 is your JoVE video ID and PIname is the corresponding author’s surname. For example:

5.2 – 01234_PIname_Figure1.tif – dual color imaging of tumor angiogenesis at 40X
5.3 – 01234_PIname_Figure2.tif – dual color imaging of tumor angiogenesis at 100X

Minimum dimensions: 720 x 480 pixels
Minimum resolution: 300 dpi

Preferred image formats: .tiff, .png, .eps, .ai, .psd, .pdf
Preferred movie formats: .mov, .mp4, .avi

If figures or tables were created as .xlsx files, please provide those as well.

Upload each file to your project folder: https://www.jove.com/account/file-uploader?src=17048633

Please list the provided files below and specify the step or steps where the files will be used. If a file is not based on an existing figure, please provide a short description.

· [bookmark: Text13]Step number(s) – File name - Description (if new figure)


General Preparation

It is critical for a smooth and organized shoot that your samples, reagents, instruments, glassware, and software are ready to go. This ensures that filming can quickly move from step to step.

Reagents, samples, and solutions should be prepared or collected and labeled before we arrive. All tubes, flasks, and plates should be clean, dry, and neatly labeled.

If your procedure includes long incubation, reaction, heating, or calculation times, prepare the products of those steps before we arrive. Please notify your script editor if the product of a long step is too unstable to be prepared in advance.

Please contact your script editor if you have general questions about filming. For detailed preparation instructions, please see the email that accompanied this script.
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