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1. Introduction (Experimental Goal and Author Interviews)

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

The overall goal of this comprehensive study is to present how different fabrication methods for organic/inorganic perovskite thin films influence crystal structures, density of states, energy levels, and solar cell performance. (Intro)

B.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. Klaus Meerholz: This study can help answer key questions in the field of hybrid organic/inorganic halide perovskites; specifically, how preparation methods can influence various thin layer properties.
1.2. Klaus Meerholz: Our approach is to characterize differently-fabricated perovskite layers using methods such as X-ray photoelectron spectroscopy or scanning electron microscopy, in order to monitor film composition, morphology, and density of states.

C.  Optional Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.3. Selina Olthof: A visual demonstration of the processing and characterizing steps is critical, as minor variations in film fabrication can have major effects on the quality of the thin films.
D. Introduction of Demonstrator (Said by you on camera. Don’t forget to smile!)
1.4. Klaus Meerholz: Demonstrating the procedure will be Ines Schmidt, Tobias Schnier and Jennifer Emara, one Master and two PhD students from my work group. Ines Schmidt and Tobias Schnier are focusing on solution processing and Jennifer Emara studies vacuum deposited layers.
1.4.1. Author (Klaus Meerholz) speaks towards the camera, interview style
1.4.2. Tobias Schnier and Jennifer Emara look up from spin coater (inside glovebox) and acknowledge the camera.
Authors: Some statements have been moved to the conclusion section to accommodate length restrictions.

[bookmark: Protocol]Protocol (read by voice talent at JoVE)
2. Deposition of Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfonate (PEDOT:PSS) on Indium Tin Oxide (ITO) Glass Substrates
2.1. To prepare the conductive anode material to be used as the bottom contact, first etch, clean, and ozonize 2.5 by 2.5 cm2 pieces of indium tin oxide-coated glass. [1-MED]
2.1.1. Talent removes the clean, etched, ozonized substrates from the ozonation chamber and shows them to the camera.
2.2. Next, draw at least 150 µL of 1.5% PEDOT:PSS (VA: pronounced ‘P-dot-P-S-S’) in water into a syringe. [1-MED-TXT] Attach a 0.45 µm filter to the syringe tip. [2-MED]
2.2.1. Talent pulls the PEDOT:PSS suspension into the syringe. (TEXT: PEDOT:PSS: Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate)
2.2.2. Talent connects the syringe to a syringe filter.
2.3. Mount an ITO glass substrate on a spin coater in air, with a relative humidity of 30 to 50%. [1-MED-Over shoulder] Dispense 150 µL of the filtered PEDOT:PSS suspension onto the substrate surface. [2-CU]
2.3.1. Talent mounts the ITO glass piece on the spin coater. A hygrometer display is visible in shot, if possible.
2.3.2. Talent pushes 150 µL of the suspension through the filter onto the substrate.
2.4. Spin-coat the substrate at 2500 rpm for 25 seconds and 4000 rpm for 5 seconds, with an acceleration of 4000 rpm/s. [1-MED]
2.4.1. Talent starts the spin coater and monitors it as it runs.
2.5. Heat the spin-coated substrate at 150 °C on a hot plate for 10 minutes to remove residual water from the PEDOT:PSS film. [1-MED]
2.5.1. The spin-coated substrate annealing on a hot plate. If the hot plate temperature is actively monitored, the thermometer readout should be visible in shot.
3. Vapor Deposition of Perovskite Layers
3.1. To prepare the perovskite-coated substrate by vapor deposition, first place the PEDOT:PSS-coated substrate into the instrument vacuum chamber [1-MED-Over shoulder] and evacuate the chamber. [2-MED-Over shoulder]
3.1.1. Talent places the substrate into the vacuum chamber and closes the chamber.
3.1.2. Talent starts evacuation of the chamber and monitors the decreasing pressure.
3.2. Once the chamber pressure reaches 10-7 mbar, move the substrate to the evaporation chamber. [1-MED-Over shoulder] Ensure that the sample shutter is closed and move the tooling quartz crystal microbalance to in front of the sample position. [2-MED-Over shoulder]
3.2.1. Talent checks the pressure readout for the vacuum chamber, and then transfers the substrate to the evacuation chamber.
3.2.2. Talent indicates that the sample shutter is closed, and then moves the QCM to in front of the sample position.
3.3. Heat the lead iodide source to 320 °C and the methylammonium iodide, or MAI, source to 190 °C. [1-SCREEN] Monitor the increase in chamber pressure caused by MAI evaporation. [2-SCREEN]
3.3.1. *To be provided by authors: Screen capture footage of the source temperatures being set in the control software, followed by the sources starting to heat up. 3.3.1 and 3.3.2 were combined
3.3.2. *To be provided by authors: Screen capture footage of the chamber pressure increasing during MAI evaporation. See above
3.4. Then, for each source, deposit a film onto the QCM positioned near the sample and simultaneously record the thicknesses shown on the source and sample QCMs. [1-MED] From this, calculate the tooling factors for lead iodide and MAI. [2-MED-TXT]
3.4.1. Talent monitoring the thickness readouts in the software, and then noting down the thicknesses.
3.4.2. Talent calculates and enters the tooling factors. (TEXT: Densities: PbI2: 6.16 g/cm3; MAI: 1.23 g/cm3)
3.5. [bookmark: _Ref463515097]To perform co-evaporation, adjust the source temperatures so the ratio of deposition rates is approximately 1:2 lead iodide to MAI. [1-SCREEN-TXT] Then, open the sample shutter and deposit the perovskite film. [2-SCREEN]
3.5.1. *To be provided by authors: Screen capture footage of the source temperatures being changed to attain the needed deposition rates. (TEXT: Co-evaporation)
Authors: You do not need to provide the text overlay with the screen capture footage; this will be done during video editing. 
3.5.2. *To be provided by authors: Screen capture footage of the sample shutter being opened and deposition beginning.
3.6. [bookmark: _Ref463515109]Alternatively, to perform sequential evaporation, adjust the source temperatures to heat only the lead iodide source. [1-SCREEN-TXT] Open the sample shutter, deposit a 50 nm layer of lead iodide on the substrate, [2-SCREEN] and close the sample shutter. [3-SCREEN]
3.6.1. *To be provided by authors: Screen capture footage of the source temperatures being changed so only the lead iodide source is heated. (TEXT: Sequential evaporation)
3.6.2. *To be provided by authors: Screen capture footage of the sample shutter being opened and lead iodide deposition beginning.
3.6.3. *To be provided by authors: the sample shutter is being closed.
3.7. [bookmark: _Ref463515154]After deposition of the lead iodide layer, reduce the lead iodide source temperature and heat the MAI source to the evaporation temperature. [1-SCREEN]
3.7.1. *To be provided by authors: Screen capture footage of the lead iodide source temperature being reduced and the MAI source being heated.
3.8. Deposit a 50 nm layer of MAI onto the pre-covered substrate. [1-MED-Over shoulder] Alternate deposition of lead iodide and MAI layers until the intended thickness is reached. [2-MED-Over shoulder]
3.8.1. Talent monitoring the software as the MAI layer is deposited.
3.8.2. Talent closes the shutter in the software and switches the source temperatures from heating MAI to heating PbI2.
3.9. Once the film reaches the intended thickness by either method, close the shutter and turn off the source heaters. [1-MED-Over shoulder]
3.9.1. Talent checks the film thickness, and then closes the shutters and turns off the heaters in the software.
3.10. Move the sample to a heating stage in the vacuum chamber and anneal the film at 70 °C for 1 hour [1-MED] to remove volatiles and complete the perovskite formation. [2-MED-Over shoulder]
3.10.1. Talent transfers the sample to the heating stage and starts heating the sample.
3.10.2. Talent removes the annealed sample from the vapor deposition instrument and shows it to the camera. 
3.10.2. (b) Extra Shot of Samples use at end of 3.10.2 if there is time
4. Perovskite Deposition by Solution Processing
4.1. To create the perovskite film by sequential deposition, first place a PEDOT:PSS-coated substrate in a spin-coater in an N2-filled glovebox. [1-MED-Over shoulder-TXT]
4.1.1. In the glovebox, talent mounts the PEDOT:PSS-coated substrate in the spin-coater. (TEXT: Sequential deposition)
4.2. Using a pipette, drop 150 µL of a 400 mg/mL solution of lead iodide in DMF on the substrate. [1-MED-Over shoulder] Spin-coat the substrate at 3000 rpm for 30 seconds. [2-MED-Over shoulder]
4.2.1. Talent pipettes PbI2 onto the substrate from a labeled container.
4.2.2. Talent starts the spin-coater and monitors it as it runs.
4.3. Then, either drop 150 µL of a 10 mg/mL solution of MAI in isopropanol onto the substrate surface and allow it to sit for 40 seconds, or submerge the substrate in the MAI solution for 40 seconds.
4.3.1. Talent transfers the MAI solution from a labeled container onto the substrate and lets it sit.
4.3.2. Talent dips a second substrate into a labeled container of the MAI solution and holds it there.
4.4. Remove excess solution from the substrate by spin-coating for 30 seconds at 3000 rpm. [1-MED-Over shoulder] Anneal the substrate on a hotplate at 100 °C for 15 minutes to finish the sequential deposition process. [2-MED]
4.4.1. Talent closes and starts the spin-coater, with the rpm readout visible if possible.
4.4.2. One substrate annealing on a hotplate. If the temperature is being actively monitored, the temperature readout should be visible.
4.5. To deposit the perovskite film with the co-solution method, in an N2-filled glovebox, dissolve sufficient lead iodide and MAI in the desired ratio in DMF to obtain a 250 mg/mL precursor solution. [1-MED-Over shoulder-TXT]
4.5.1. Talent combines pre-measured PbI2 and MAI with DMF and starts the mixture stirring. (TEXT: Co-solution deposition; Vary PbI2:MAI from 1:1 as needed) (split shot: a) dissolving MAI, b) adding MAI solution in lead iodide)
4.6. If a molecular additive is needed, add sufficient NH4Cl to achieve a concentration of 18 to 20 mg/mL in the precursor solution. [1-MED-Over shoulder]
4.6.1. Talent adds precursor mixture onto pre-measured NH4Cl and lets it continue stirring.
4.7. Stir the precursor solution at 50 °C for 5 hours. [1-MED] Then, preheat a PEDOT:PSS-coated substrate for 5 minutes on a hotplate at 50 °C. [2-MED] Place the warmed substrate in the spin-coater. [3-MED]
4.7.1. The precursor mixture stirring on a stir plate in the glovebox.
4.7.2. Talent places a PEDOT:PSS-coated substrate on a hotplate that is already at heat.
4.7.3. Talent moves the substrate from the hotplate to the spin-coater.
4.8. [bookmark: _Ref463515002]Add 200 µL of toluene to the spin-coater bowl to create a toluene atmosphere during spin-coating. Pipette 150 µL of precursor solution onto the substrate [2-MED-Over shoulder] and spin-coat at 3000 rpm for 30 seconds. [1-CU] [3-MED]
4.8.1. Talent pipettes toluene from a clearly labeled container into the spin-coater bowl. Shots 4.8.1 to 4.8.3 combined
4.8.2. Talent pipettes the precursor solution onto the substrate.
4.8.3. The sample in the spin-coater as it runs.
4.9. [bookmark: _Ref463515040]Heat the spin-coated substrate for 30 seconds on a hotplate at 110 °C to finish the co-solution process. [1-MED] The quality of the perovskite film can be assessed visually based on the shininess of the surface. [2-CU]
4.9.1. Talent takes the spin-coated substrate off of a hotplate at heat and places it on a labeled piece of weighing paper next to a substrate made by dip- or drop-coating on a labeled piece of weighing paper.
4.9.2. The labeled substrates side by side to display the observable difference in quality.
5. Solar Cell Fabrication and Testing
5.1. To proceed with solar cell fabrication, in an N2-filled glovebox, prepare a 20 mg/mL solution of [60]PCBM in chlorobenzene as the acceptor material. [1-MED-TXT] Stir the solution at 50 °C for at least 24 hours. [2-MED]
5.1.1. Talent combines pre-measured [60]PCBM and chlorobenzene in a labeled container. (TEXT: [60]PCBM: [6,6]-phenyl-C61-butyric acid methyl ester)
5.1.2. The [60]PCBM mixture stirring on a stir plate in the glovebox.
5.2. Then, place a freshly thermally-annealed, perovskite-coated substrate on a metal plate for 30 seconds to cool it to room temperature. [1-MED] Mount the cooled substrate in a spin-coater. [2-MED]
5.2.1. Talent places a perovskite-coated substrate on a metal plate.
5.2.2. Talent transfers the substrate from the metal plate to the spin-coater.
5.3. Place 150 µL of [60]PCBM solution onto the substrate and spin-coat at 2000 rpm for 30 seconds to form the acceptor layer. [1-MED-Over shoulder]
5.3.1. Talent pipettes the [60]PCBM solution onto the substrate, closes the spin-coater, and starts the spin-coating.
5.4. Next, place the substrate in a vapor deposition sample holder and cover the substrate with a shadow mask. [1-MED] Scratch one of the uncovered contact locations with a scalpel to expose the ITO layer. [2-CU]
5.4.1. Talent mounts the substrate in the sample holder, and then places a shadow mask over it.
5.4.2. Talent scratches the uncovered surface of the substrate to expose the ITO layer.
5.5. Then, place the masked substrate in the vacuum chamber and prepare for vapor deposition of aluminum. [1-MED]
5.5.1. Talent puts the substrate in the sample holder in the vacuum chamber and starts evacuation of the chamber.
5.6. Deposit 10 nm of aluminum at a rate of 0.5 Å/s at most, with a maximum pressure of 3 x 10-6 mbar. [1-SCREEN] Then, increase the rate to 2.5 Å/s and continue deposition until the aluminum layer is 100 nm thick [2-SCREEN] to form the aluminum cathode top contact. [3-CU]
5.6.1. *To be provided by authors: Screen capture footage of aluminum deposition during the initial 10 nm layer. Use the cursor to point out the deposition rate and pressure.
5.6.2. *To be provided by authors: Screen capture footage of the deposition rate being set to 2.5 Å/s and aluminum deposition continuing.
5.6.3. Talent removes the mask from the completed cell and shows it to the camera so the aluminum cathode contact can be seen.
5.7. [bookmark: _Ref463515187]Transport the cell to a solar simulator setup [1-MED] and sweep from -0.5 to 1.5 V in 0.02-V steps. [2-SCREEN] Then, scan in the reverse direction to check for hysteresis. [3-SCREEN]
5.7.1. Talent connects the cell to the solar simulator.
5.7.2. *To be provided by authors: Screen capture footage of the forward JV sweep from -0.5 to 1.5 V. 55084_Meerholz_5_7_2_IVforwards.avi Author note for 5.72/5.7.3 screen captures: “Please only show the important part, where current vs. voltage is shown”
5.7.3. *To be provided by authors: Screen capture footage of the reverse sweep from 1.5 to -0.5 V. 55084_Meerholz_5_7_3_IVbackwards.avi
[bookmark: ScreenCaptureFootageInstructions]SCREEN CAPTURE FOOTAGE INSTRUCTIONS
Authors: If a shot is listed as [#-SCREEN], you will need to make a movie file of the described actions using screen capture software installed on the computer or run from a USB drive. Software options include Rylstim Screen Recorder, CamStudio, Snagit, or Quicktime X.

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 (see Provided Media for more information) and upload the files to your project folder: http://www.jove.com/account/file-uploader?src=16800668

Back to Questionnaire
6. Results: Effects of Hybrid Perovskite Film Fabrication Methods on Morphology and Solar Cell Characteristics
6.1. Perovskite thin films were prepared with each of the described methods and with varying ratios of lead iodide to MAI. Scanning electron microscopy of the vapor-deposited films and the films prepared from co-solution with an additive showed the desired smooth, pinhole-free surface. [1-LM]
6.1.1. 55084_Meerholz_Figure1.eps: On “The vapor-deposited films…”, box 1f and 1g. On “films prepared from…”, also box 1a1, 1a2, 1a3, 1a4, and 1a5.
6.2. Variation in morphology was observed with changes in the lead iodide-MAI molar ratio. [1-LM] The films prepared from co-solution without an additive and the films prepared by dip- and drop-coating showed less desirable voids, surface roughness, and needle-like structures. [2-LM]
6.2.1. 55084_Meerholz_Figure1.eps: Box only 1a1-1a5 and highlight the “R=#.#” labels in each of those five panels.
6.2.2. 55084_Meerholz_Figure1.eps: On “co-solution without…”, box 1h. On “dip- and...”, also box 1d and 1e. On “drop-coating”, also box 1b and 1c.
6.3. X-ray diffraction of six co-solution samples with different lead iodide-MAI molar ratios all showed the typical tetragonal crystal structure. [1-LM] No additional phases of MAI or lead iodide were observed, indicating that X-ray diffraction measurements could not provide information about film composition. [2-LM]
6.3.1. Figur_2.pdf: During “the typical…structure” highlight the index numbers (002), (110) and (220)
6.3.2. Figur_2.pdf: On “no additional phases…” add a vertical line centered on the lead iodide peak (the black peak in the lower left) across all of the spectra. 
6.4. X-ray and UV photoelectron spectroscopy were used to assess the stoichiometry and ionization energies, respectively, of the thin films. [1-LM] A trend of increasing ionization energy with increasing lead iodide content was observed across all methods, indicating that the effect is independent of the preparation method. [2-LM]
6.4.1. Figur_3.pdf and Figur_4.pdf
6.4.2. 55084_Meerholz_Figure6.pdf: On “increasing ionization energy”, highlight the solid trendline on the graph. During “increasing lead iodide content”, also highlight the “excess PbI2” arrow.
6.5. The solar cell capabilities of thin films with various lead iodide-MAI molar ratios were assessed. The highest efficiency was observed with a molar ratio of 1.02, which is closest to the stoichiometric perovskite composition. [1-LM]
6.5.1. Figur_5.pdf: On “a molar ratio of…”, add a vertical line through all of the graphs at x = 1.02.
7. Conclusion (Said by you on camera. Don’t forget to smile!)

Author note: “We changed the Order of the sentences in the interview. The numbers have been assigned new to reflect the new order. Please use this new sequence.”
7.1. [bookmark: IntroStatements]Selina Olthof:  With our approach, we want to provide insight into correlations between film preparation and physical properties that ultimately influence solar cell performance.
7.2. Klaus Meerholz: Of particular interest is the possibility of adjusting the ionization energy of perovskite films by intentional incorporation of MAI or lead iodide interstitials, which can be used for interface optimization in novel device architectures. 
7.3. Selina Olthof: The wide variety of different device efficiencies, morphologies, and especially energy level values in literature is what caught our attention and motivated this research. 
7.4. Klaus Meerholz: Future studies will look at more advanced preparation techniques that aim towards larger device areas, including methods like doctor blading, spray techniques, and large scale printing.
7.5. Selina Olthof: Generally, individuals new to this field of hybrid perovskites will struggle because film formation is very sensitive to the preparation method.
7.6. Klaus Meerholz: It’s crucial to ensure a high degree of reproducibility. All processing steps and characterization methods should be performed under an inert atmosphere to avoid degradation of the perovskite films by water.
7.7. Klaus Meerholz: After watching this video, you should have a good understanding of what influences the different preparation methods for perovskite thin films have on crystal structures, density of states, energy levels, and, ultimately, solar cell performance.
7.8. Klaus Meerholz: Don't forget that working with lead iodide can be extremely hazardous and precautions such as working in glove boxes should always be taken while performing these procedures.
Author note: (check with Adria or Steve before doing this. This video is NOT listed as Corporate, so this may not be okay). 
“We will upload three logos from our cooperation and funding partners and would like to let them appear for approx. 30s. 
Files: 
· 55084_Meerholz_COPT_4c.eps
· 55084_Meerholz_LOGO_NRW.JPEG
· 55084_Meerholz_pero_logo.eps”

[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. Specify the step or steps where each file will be used. If the file is not based on an existing figure, please 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=16800668

Please list all images, tables, movie files, or 3D-rendered animations that have been prepared for inclusion in the video below:

Authors: List your media filenames here.

· 6.1 – 55084_Meerholz_Figure1.eps – Figure1 without a-h labels plus 1µm scale bar
· 6.4 – 55084_Meerholz_Figure6.pdf – Figure 6 without spelling mistake “processed”
· 55084_Meerholz_COPT_4c.eps
· 55084_Meerholz_LOGO_NRW.JPEG
· 55084_Meerholz_pero_logo.eps
· 5.7.2 - 55084_Meerholz_5_7_2_IVforwards.avi – Screen capture of IV curve
· 5.7.3 - 55084_Meerholz_5_7_3_IVbackwards.avi – Screen capture of IV curve

Back to Screen Capture

General Preparation

Please review all steps using solutions or reagents that are not prepared during the filmed protocol. It’s critical for a smooth and organized shoot that all reagents are prepared and labeled in advance and on hand at the start of filming.

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)

You will receive more detailed preparation instructions in the email accompanying the finalized script. Please see JoVE’s FAQ at http://www.jove.com/author/submission-faq if you have further questions.
 2016, Journal of Visualized Experiments

