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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? No  (If you can record images/videos using your own camera/software, then mark No)   If yes, please list make and model of your microscope: _____________________________________________
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) Maybe, the measurements are done by a custom program, but screen shots may not be essential, and it is not described in the protocol. 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps by their protocol number. 3.1.3, 3.1.6, 3.2-3.3, 4.3 The most unique portions of the procedure are the lamination of the CNT electrodes. Measurement of the device might also be of interest, but will be somewhat less enlightening. Fabrication of the device active layers may also be interesting, but would be a relatively small portion. 
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list the step by its protocol number. 3.1.x or lamination of the electrodes is the most difficult, but only by a small margin. There are several steps which need to be followed carefully to ensure the best results. In the case of 3.1.x, you just need to be careful, patient, and have steady hands. Fabrication of the active layers has some careful points, but it rather repeatable in comparison.
E.  Will the filming need to take place in multiple locations? (Y/N) The filming can all be done in one room, but at a couple locations in the room. This is excluding the interview portion which may need to be done in another room.
1. Introduction (Schematic Overview and Interview)
A. Schematic Overview (read by voice talent at JoVE)
Conceptual Narrative:
The overall goal of the following experiment is to _show that a tandem solar cell can be created completely in an ambient environment with no high vacuum deposition processes involved__. (Intro)
This is achieved by fabricating two organic photovoltaic sub-cells on two separate indium tin oxide patterned glass substrates. (P1) 
As a second step, _carbon nanotube common and gate electrodes are laminated to the tops of the devices. The gate will allow control over the work function of the common electrode which will act as a cathode for the two organic photovoltaic sub-cells (P2)  

(Video editor: Please add the black layers (with labels). The final SWCNT layer should appear on top of the ITO)
Next, place ionic liquid on top of the carbon nanotube electrodes and press the two together, forming a common carbon nanotube electrode impregnated with ionic liquid. (P3)
(Video editor: Refer to the image in P2.  If possible, please invert the top image and align the SWCNT and MWCNT pieces aligned between the top and bottom.  In some way illustrate the placement of fluid on the surface of the bottom of the two, and then put the two pieces together as in the P3 image.)
The results show carbon nanotube electrodes can be effectively converted into cathodes via charging and parallel tandem solar cell performance can be observed on the device _ based on measurements of the current voltage characteristics of the device under illumination. (P4)
Paste a copy of your graphic overview here.  The original file should be Adobe Illustrator (preferred) or Powerpoint (see instructions) and should be uploaded through your online submission on the JoVE website. Please keep all layers in the file (i.e., do not flatten the file).   
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B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Alex Cook: The main advantage of this technique over existing methods, like _vacuum deposition of and tandem OPV interlayers, is that the completely ambient process saves production and energy costs, and also is easier to fabricate than typical tandem OPVs since the lamination process avoids layer by layer processing issues.   
1.2. Johnathan Yuen: Though this method can provide insight into _organic photovoltaics_, it can also be applied to other systems, such as _field effect transistors, light emitting diodes and combinations of devices such as logic gates or solar cells with integrated capacitive energy storage.
1.3. Anvar Zakhidov: We first had the idea for this method, when we first made dye sensitized solar cells with carbon nanotube electrodes and a similar geometry.
1.4. Joe Micheli: Visual demonstration of this method is critical as pulling and laminating carbon nanotube sheets is difficult to learn.   
Protocol (read by voice talent at JoVE):
2. Fabrication of the Tandem Device
2.1. This video begins with the fabrication of the tandem solar cell.  Prior to this step, photovoltaic active layers have been coated onto indium tin oxide, or ITO (“I-T-O”), substrates. (TEXT: See manuscript for details of fabrication) There are two substrates, both made on glass with patterned ITO electrodes.   

{Note that the P3HT is visibly red, and PTB7 is blue}
2.1.1. WIDE: Talent at/approaching bench at which the subsequent steps will take place {Joseph starts the show and is shown walking up}
2.1.2. MED: Talent getting and placing the coated substrates on surface for following closeup

2.1.3. CU: The two samples, side-by-side

2.2. Each substrate has two parallel indium tin oxide electrodes extending from one edge to at least a millimeter from the other edge. Each substrate is also coated with 30nm of PEDOT:PSS. One substrate has a 200 nanometer thick layer composed of a one to one blend of P3HT and PC61BM. (P-3-H-T and P-C-61-B-M) The other has a 100 nanometer thick layer composed of a two to three blend of PTB7 and PC71BM. (P-T-B-7 and P-C-71-B-M)
2.2.1. LAB MEDIA: Schematic representation of two appropriately patterned ITO substrates. Label the glass and ITO  (Authors: Please provide this image) (Video editor: This graphic was not available to me.  You should be able to point to layers labeled ITO in two places during the first sentence)

2.2.2. LAB MEDIA: Schematic representation of PEDOT:PSS layer added to ITO substrates. Label the PEDOT:PSS  (Authors: Please provide this image) (Video editor: This graphic was not available to me.  You should be able to point to layers labeled PEDOT:PSS in two places during the second sentence)

2.2.3. LAB MEDIA: Schematic representation of a layer of P3HT:PC61BM added to one sample, and a layer of PTB7:PC71BM added to the otherSchematic of the two active layers, one next to the other.  The different layers (glass, ITO, PEDOT:PSS, etc) should be labeled.  Layer heights do not have to be to scale, but ideally will provide some sense of relative thickness.  (Authors: Please provide this image) (Video editor: This graphic was not available to me. During the third sentence, please point to the single layer labeled P3HT:PC61BM.  During the last sentence, point to the layer labeled PTB7:PC71BM) 
2.3. The next steps will be identical for the samples; the video will focus on only one. Get a clean room wipe and dampen it with a small amount of toluene. Use it to wipe away polymer layers to expose the substrate edges and the indium tin oxide strip that will serve as the common electrode in the device. Be careful not to expose portions of the other ITO electrode which will be used in a later step. 

(Editors: we took one take of each substrate for all the following to allow you to choose the best)
2.3.1. MED over the shoulder: Talent with the two samples, putting one aside

2.3.2. MED: Talent getting a wipe and dampening it with toluene

2.3.3. CU: Remaining sample, then the wipe being applied to expose edges and the electrode.  Capture the entire process, if possible

2.3.4. CU: The wiping/exposure of the sample being completed, if the entire process has not been captured, and the final result shown (Video editor: If the entire process has been captured, but cannot be shown in 2.3.3, please use the end of 2.3.3 for the last sentence)

2.4. The next step is to laminate the carbon nanotube common electrode.  One side of this filter paper holds single wall carbon nanotubes created in a floating catalyst chemical vapor deposition process. (TEXT: The single wall nanotubes were made at Aalto University)  Place the nanotube side of the filter paper on top of the active layer of the substrate so that it connects the layer to the ITO electrode that will be used as the common electrode.  Gently apply pressure to the filter paper to transfer carbon nanotubes. Then lift off the filter paper to leave carbon nanotubes behind. 
2.4.1. MED: Talent preparing for lamination, getting filter paper and holding it above sample (Switches to Alex here, shot pans down from face. Also cut the filter paper and CNT to size with a razor)
2.4.2. CU: Filter paper held above sample, side with carbon nanotubes facing camera (Alternatively, the talent could rotate it to show both sides, if there is a great contrast) (From here to 2.5.3 was filmed in one go)
2.4.3. CU: Sample as the filter paper is applied to it to connect the electrodes

2.4.4. CU: Filter paper on sample, then pressure gently applied (We used a clean room swab to apply pressure)
2.4.5. CU: Filter paper on sample, then paper lifted off and out of the shot to reveal result

2.5. To improve adhesion of the carbon nanotube electrode, make use of the hydro-fluoro-ether methoxy-nonafluorobutane. (TEXT:  methoxy-nonafluorobutane–C4H9OCH3) With a pipette, draw some of the HFE (TEXT: HFE- hydrofluoroether) to place on the samples.  Drop the HFE onto the top of the carbon nanotubes.  Allow the HFE to evaporate before proceeding.

2.5.1. MED: Talent placing container of HFE close by for use, lifting lid off

2.5.2. MED: Talent getting pipette and pipetting some of the HFE, then placing pipette over the sample

2.5.3. CU: Samples with carbon nanotubes (dark band), then liquid being dropped onto the dark band  (Video editor: This goes with the last two sentences)
2.6. After the substrates have dried, identify the region that will have the gate electrode.  Use a wipe dampened with toluene to wipe away any polymer and carbon nanotubes in that region.  Next, use a razor blade to remove any remaining polymer in the region in order to prevent gate leakage. Clean any polymer debris away with a nitrogen gun. Employ a multimeter to check that the electrodes are isolated before continuing.

2.6.1. CU: Sample with region to be worked on being indicated in some way {We Switched to Jonathan here. I don’t think we indicated the region, but it should be visible in the shots}
2.6.2. CU: Continue from last shot, then a wipe being used to remove polymer and nanotubes

2.6.3. CU: Sample as razor starts to be used to remove remaining polymer

2.6.4. MED: Talent competing use of razor, then using nitrogen gun on sample, ending with nitrogen gun being put aside {We had to reset for this shot as the nitrogen gun is not next to the bench we used to wipe and clean}
2.6.5. MED: Talent using multimeter to check sample  (Video editor: A transition suggestion passage of time may be needed here)
2.7. At this point, prepare to laminate carbon nanotubes onto the cleaned region to create the gate electrode. This silicon wafer holds a forest of highly aligned multi-walled carbon nanotubes made with a chemical vapor deposition process. (TEXT: The carbon nanotubes were fabricated at The University of Texas at Dallas)  Mount the wafer near the edge of a raised platform. Near the wafer and level with it, two parallel capillary tubes should protrude.  A substrate, shown here in a holder, should be able to fit between them. 

2.7.1. MED: Talent getting silicon wafer, holding it near where it will be supported in the subsequent steps {We switched to Jonathan and Joseph here so pan down from their faces}
2.7.2. CU: Silicon wafer with carbon nanotube side facing camera

2.7.3. MED over the shoulder: Talent mounting wafer on edge of raised platform

2.7.4. CU: Mounted wafer and parallel tubes shown (for about 15 seconds), then tubes being pointed out, ending with only wafer and tubes (Video editor: Please use portion that makes the arrangement clear)

2.7.5. CU: Wafer and tubes as in 2.7.4, then substrate (on end of holder) being passed between them and taken out of shot

2.8. To start lamination of the nanotubes, press a razor blade into the edge of the forest and pull laterally away from the forest, parallel to the wafer and toward the tubes. A free standing sheet self-assembles. Once the sheet has been started, use a capillary tube to continue pulling it over the protruding tubes. Next, bring the device, held with wafer tweezers, oriented to expose the cleaned region to the sheet.  Transfer the sheet supported between the tubes to the cleaned region of the device by passing the device through the sheet.  

2.8.1. CU: Same or similar vantage as 2.7.5 Silicon wafer as blade is pressed onto edge, then blade used to pull sheet.  (Video editor: This goes with the last two lines)

2.8.2. CU: Continuing from last shot, a capillary tube is substituted for the razor and is used to pull the sheet over the protruding tubes.  Tube used to draw the sheet is taken off screen {I only used a razor to start the sheet. In subsequent shots you’ll see the capillary being used.}
2.8.3. CU: Continuing from last shot.  Device to be laminated is brought close to the sheet, properly oriented for next step {We laminated four layers onto the device in this shot, combining 2.8.3 and 2.8.4. Note that we pass the device through twice, then pull and then pass two more times.}
2.8.4. CU: Continuing from last shot.  Device being passed through the sheet and taken off screen

2.9. Use a capillary tube to pull an additional sheet, then add another layer.  Repeat the process until five layers of the multi-walled carbon nanotubes have been applied. After lamination, use a pipette to draw about 100 µL of HFE.  Place drops of the HFE on the gate electrode and allow it to dry.  

2.9.1. CU: Capillary tube pulling another sheet, then device on being passed through (Video editor: This goes with the first two lines) {We did this, then went onto shots 2.9.3, passing the device through the sheet is what does the ‘lamination’}
2.9.2. MED: Talent laminating the device  (Video editor: This is an optional shot for the second line)
2.9.3. MED: Talent getting pipetting HFE

2.9.4. CU: Device (no longer in holder), then HFE being dropped onto gate electrode 

2.10. After both the P3HT and PTB7 substrates have had electrodes added, the next step is to introduce the ionic fluid, in this video DEME-BF4. (“DEME” like dehmay with a short E sound and a long A sound “B-F-4” or “DEME tetrafluoroborate”) [TEXT: DEME-FB4–N,N-Diethyl-N-methyl-N-(2-methoxyethyl) ammonium tetrafluoroborate]  Here are the P3HT substrate, on the left, and the PTB7 substrate, on the right, arranged to mirror one another. Select one electrode to work with and use a piece of capillary tube to place several small drops of the fluid on top of the common electrode, about 10 µL total. Do the same with the gate electrode.
2.10.1. MED: Talent getting/opening fluid vessel for use; if substrates are visible they should be consistent with next shot {Switched Back to Alex, went from 2.10.1 to 2.11.1 in one shot}
2.10.2. CU: The two substrates on the bench, mirroring one another(for about 12 seconds), then capillary tube being used to place drops on the common electrode of one.  Note: The mirroring is to make 2.11.2 more straightforward. {I Think we have them as indicated, but should check, remember the ptb7 is blue and the p3ht is red.}
2.10.3. CU or ECU: The substrate onto which fluid is being placed, showing detail of application of fluid
2.11. Proceed by picking up the substrate without the ionic fluid and aligning it with the other.  Orient the substrates so that both common electrodes and both gate electrodes will align and face one another.  Then, put the substrate without the ionic fluid on top of the other. Add a photomask over the active area of the P3HT with an aperture size smaller than the electrode size. Use small clips to hold the device together and hold the photomask in place. 

2.11.1. CU: The two substrates on the bench, mirroring one another. Substrate without fluid being picked up and rotated to vertical next to the other to show orientation.  Then substrates placed in contact, ending with only device in shot (Clips were used to hold the device together at the end of the shot.)
2.11.2. CU: Substrates in contact, a photomask being added over the active area, ending with only device in shot

2.11.3. CU: Continue from 2.11.2, small clips being placed to hold device together and photomask is place, ending with only device in shot (combined with last, clips from before are moved over the mask, holdng it in position.
3. Measure the Device
3.1. For the next steps, the device has been transferred to a measurement glovebox equipped with a solar simulator. The glovebox has a nitrogen environment (TEXT: Environment has few ppm water and oxygen) which helps prevent degradation due to air exposure during testing. Position the tandem cell under the solar simulator.  Orient the device so the P3HT cell and photomask face the solar simulator output. Begin making the necessary electrical connections to the gate power supply, the source measure unit, and the multiplexer.

    
      3.1.1a [added] Talent places petri dish with device into antechamber.
3.1.1. WIDE: Talent at glovebox (device already in antechamber or work area), putting arms into gloves

3.1.2. MED: Talent working with device (retrieving from antechamber) or arranging equipment

3.1.3. MED over the shoulder: Talent positioning device under the simulator

3.1.4. CU (if possible): Device showing side with aperture facing up/toward simulator (Video editor: Use 3.1.3 with sentences three and four if this shot is not viable. Or, potentially reuse 2.11.3 to show orientation in sentence four)

3.1.5. MED over the shoulder: Talent starting to make electrical connections (note electrical connections were made as follows in the next step. Gate connected first, then back cell, then front cell and common last.)
3.1.6. [added] Adjusting power supply and shot of device when lamp shutter is opened.

3.2. First connect the gate power supply between the common electrode and the gate electrode with the common as ground. Next, connect the two ITO anodes to a multiplexer to allow selection of either the anode of the front, P3HT cell, the back, PTB7 cell, or both.  (TEXT [on two lines]: [1] front cell–P3HT; [2] back cell–PTB7) The device output is input to the source measure unit. Finally, connect the ground of the source measure unit to the common electrode.

3.2.1. LAB MEDIA: Connections.pptx  (Video editor: I do not have access to the final version of the file.  Please remove lines so as to begin with an image similar to the image in the file “connections_start.pdf” on the upload site. [Note: labels may change and positions may be changed slightly in the final file.] During the first sentence, highlight the box labeled “Power supply” and reintroduce the lines [via animation?] that go from it to the hatched “Gate” area on the left along with add line from the “Ground” to the purple “Common” region on the right.)

3.2.2. LAB MEDIA: Continue from 3.2.1  (Video editor: During the second sentence, please highlight the box labeled “Multiplexer” and reintroduce lines coming from the it to the ITO (middle purple) region along with the “Front” and “Back” labels.)

3.2.3. LAB MEDIA: Continue from 3.2.2  (Video editor: During the third sentence, highlight the both the “Multiplexer” and the “Source Measure Unit” while reintroducing the line between them)

3.2.4. LAB MEDIA: Continue from 3.2.3  (Video editor: During the last sentence, highlight the “Source Measure Unit” and add the line connecting it to the line going to “Ground”.)

3.3. In this experiment, the measurement of the device I-V (Voice talent: read eye-vee) characteristics is automated.  For a given configuration, tandem, front cell, or back cell

3.4. For the tandem configuration <pause>, the front cell configuration, <pause> and the back cell configuration, measure the device I-V (“eye-vee”) characteristics.  In this experiment, the measurements are automated to select the sub-cell being measured, toggle the lamp shutter, and run the I-V sweeps. The gate voltage is manually varied between 0 and 2 volts. After selecting a gate voltage and waiting for the gate current to stabilize to the range of tens of nanoamps, start the measurements by selecting one sub-cell and running the I-V sweeps in the light from -1 to 1 volt.  Do the same sweep with the solar simulator lamp off. 
3.4.1. LAB MEDIA: Continue from 3.2.4, which should be the same as Connections.pptx. During “tandem configuration,” please animate the closing of both switches in “Multiplexer” [that is, rotate the lines that are at an angle so that a straight line through the device is formed].  During “front cell configuration” revert the left switch in “Multiplexer” to its original position.  During “back cell configuraton” create the mirror image of “front cell configuration”

3.4.2. TEXT on SCREEN: (Video editor: There will be 7 lines of text. Line numbers and instructions are in square brackets) [1, goes with line 2] Gate voltage: 0 to 2 volts, 0.25 volt increments (with stabilized gate current) [2, line 3] Select configuration: tandem, front, back [3, line 3] Open lamp shutter [4, line 3] Sweep common voltage from -1 to 1 volt, then back to -1 volt using 100 increments in each direction [5, line 4] Close lamp shutter [6, line 4]  Sweep common voltage from -1 to 1 volt, then back to -1 volt using 100 increments in each direction [7, line 4] Go to new gate voltage and repeat

3.5. Each sweep takes approximately 15 seconds. Each sub-cell and the parallel combination of the two should be measured at each gate voltage. Continue by incrementing the gate voltage to its next value and performing the six pairs of sweeps until the entire gate voltage range is explored.

3.5.1. Automated experiment, please get a minute or so of broll (possibly lamp glow in glovebox, curves on screen, activity of talent,?)
4. Results: Current-Voltage Curves and Device Parameters for Gated Carbon Nanotube Common Cathode Tandem Organic Solar Cell
4.1. Here are measured I-V curves for the tandem cell using two different gate voltages.  The black curves correspond to a gate voltage of 1.5 volts, and the red curves to a gate voltage of 2.25 volts.  Circles are data collected using both cells in tandem.  Squares are associated with the use of the front, P3HT, cell.   Triangles are for the back, PTB7, cells.

4.1.1. LAB MEDIA: Figure3.xxx  (Authors: Please provide Figure 3 of the manuscript with the file name “Figure3” and the appropriate extension.) 

4.2. The highly linear curves for the front cell and the tandem cells at 1.5 volts suggests the P3HT sub-cell acts as a shunt in its OFF state. In contrast, the PTB7 back cell demonstrates diode characteristics at 1.5 volts and 2.25 volts, where its performance is degraded.

4.2.1. LAB MEDIA: (continued from 4.1.1) Figure3.xxx  (Video editor: Please point out/highlight the black curve with squares and the black curve with circles during the first sentence.  Point out the red and black curves with triangles during the second sentence.)

4.3. The data can be used to extract solar cell parameters as a function of gate voltage.  Here are the open circuit voltage; the short circuit current; the filling factor; and the power conversion efficiency.  Black curves are for cells in tandem; blue are for the front P3HT cells; and red are for the back PTB7 cells.

4.3.1. LAB MEDIA: Figure4.xxx  (Authors: Please provide Figure 4 of the manuscript with the file name “Figure4” and the appropriate extension.) (Video editor: Please highlight the upper left figure during “Here are the open circuit voltage”, the upper right figure during “the short circuit voltage”, the lower left during “the filling factor”, and the lower right during “the power conversion efficiency.”)

4.4. Focusing on the open circuit voltage, the red curves show the PTB7 cell turned on at 0.5 volts.  The cell peaks at 1.5 volts.  The blue curves show the P3HT cell beginning to turn on around 1 volt.  It is fully turned on above 2 volts.

4.4.1. LAB MEDIA: (continued from 4.3.1) Figure4.xxx (Video editor: Using the upper left figure, please highlight the values of the red curve at the far left, at 0.5 V during “turned on at 0.5 volts”  Highlight the values of the red curves at their highest point during the second sentence.  Highlight the blue curves around its value above the 1 on the horizontal axis during the third sentence.  During the fourth sentence highlight the values of the blue curve at and beyond the 2 on the horizontal axis)
5. Conclusion (said by authors on camera)
5.1. Joe Micheli: While attempting this procedure, it’s important to measure all contacts to ensure no shorting occurs, especially between the carbon nanotube common and gate electrodes.

5.2. Anvar Zakhidov: Following this procedure, other methods like optimization of the individual solar cells can be performed in order to answer additional questions like what is the highest possible performance that can be achieved with this method.

5.3. Alex Cook: After watching this video, you should have a good understanding of how to create a parallel tandem organic solar cell with carbon nanotube electrodes gated by ionic liquids.

5.4. Johnathan Yuen: Don't forget that working with carbon nanotubes and halogenated solvents can be extremely hazardous and precautions such as working gloveboxes and proper personal protective equipment should always be taken while performing this procedure.   
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

Insert your media filenames here.

2.2.x - Schematic.pptx- schematic diagrams of the subcells and substrates {not yet uploaded}
3.2.x - Connections.pptx – diagram of electrical connections

4.1-4.2 – figure_3.pdf – IV curves of the device at vgate = 1.5V and 2.25V {this can be uploaded in other formats}

4.3-4.4 – p3ht_ptb7_p.pdf or p3ht_ptb7_p.pptx- OPV parameters versus gate voltages. The .pptx file is the source file for the pdf.
General Preparation
It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions, as well as an introduction to your videographer, closer to your filming date.
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