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Authors, please fill out the brief questionnaire below.   

A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) _________ 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)________ 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps__1.4, 1.5, 2.13, 2.2 and 3.4 _____________

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  _1.56, make multiple devices, have experience using a glovebox, use the toilet before you start______
1. Introduction (Schematic Overview and Interview)
A. Schematic Overview (read by voice talent at JoVE):
Authors, please select from “Procedural Narrative” or “Conceptual Narrative” and complete the statements below. Please do not add additional steps.  Then, attach your finished graphic overview.  See accompanying instructions for details and examples.  
Procedural Narrative:
The overall goal of this procedure is to produce and characterize functional up-converting dye-sensitized solar cells. (Intro)

This is accomplished by first creating a solar cell with a double chamber assembly. (P1)
The second step is to fill the chambers with electrolyte and the up-conversion solution respectively. (P2)
Next, perform measurements of the device incident photon-to-current efficiency using a pump light source. (P3)
The final step is to model the results and use data to confirm the up-conversion effect is real. (P4)
Ultimately, the experiment allows comparison with other up-conversion devices using a figure of merit (P5)
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).   
(Video editor: This is at upload site in file ToC.pptx)
B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Andrew Nattestad: The main advantage of this technique over existing methods, such as our previously reported systems, is that this is an intergrated device.    
1.2. Timothy Schmidt: In the photon upconversion application field, this method can help address whether one can integrate an upconversion unit to a solar device.  
1.3. Yuen Yap (Dennis) Cheng: Though this method one can provide insight into real versus artifact based enhancements, it can also be applied to other systems, particularly other up-conversion enhanced photovoltaics.

1.4. Rowan MacQueen: We first had the idea for this method when we realized anomalous results, with our modeled system not matching the measured results.
Protocol (read by voice talent at JoVE):   
2. Preparation of Working Electrodes
2.1. The first step is to prepare a working electrode using a whole sheet of clean fluorine doped tin oxide coated glass.  The sheet should measure 110 mm square and 2.3 mm thick.  To deposit a dense layer of titanium oxide on the sheet, place the dry sheet on a hotplate with its conductive side up. Heat the glass to 450 ºC.

2.1.1. WIDE: Talent at bench inspecting sheet of coated glass

2.1.2. CU: Sheet in hands of talent

2.1.3. MED: Talent placing sheet on hotplate. Talent turning hotplate on.  (Video editor: This is for the last two lines)

2.2. As the glass heats, ready a 1:9 solution of titanium di-isopropoxide bis(acetylacetonate) and ethanol in a spray container. (TEXT: 1:9 ratio, titanium di-isopropoxide bis(acetylacetonate) (75 wt% isopropanol) : ethanol) Once the glass is at 450 ºC, spray the solution onto it from a distance of about 100 mm, with five sprays over its surface.  Repeat this every 10 seconds for a total of 12 rounds.

2.2.1. MED: Talent (with container) moving into position to spray glass on hotplate

2.2.2. CU: Glass on hotplate as it is being sprayed five times.  If possible show the position of the spray source (Video editor: This goes with the last two sentences)

2.3. Maintain the glass at 450 ºC for another 5 minutes, then allow it to slowly cool to room temperature on the hotplate.  Once cooled, place the glass, conductive side up, onto the screen printer table and use titanium oxide paste to print one layer of the pattern shown.   (TEXT: See manuscript for printing two layers)

2.3.1. MED or WIDE: Talent leaving hotplate (Video editor: Please transition to next shot to suggest passage of time)

2.3.2. WIDE or MED: Talent at screen printer going through printing process  (Video editor: Please show 2.3.3 with this shot.  The image of 2.3.3 can be smaller)

2.3.3. LAB MEDIA: “Figures for filming.pptx”  slide 1

2.4. After sintering, cut the master plate into individual electrodes. (TEXT: See manuscript for sintering details.  Electrodes are 27.5 mm x 18.3 mm) The electrodes should have sufficient room around the printed film for the later addition of a gasket.    Next, prepare a 20 mM titanium tetrachloride solution heated to 70 ºC and immerse the electrodes in it for 30 minutes.  After recovering and thoroughly washing the electrodes, sinter them at 500 ºC for 30 minutes, then allow them to slowly cool.

2.4.1. WIDE or MED: Talent at bench cutting plate

2.4.2. ECU or CU: An individual, acceptable, electrode

2.4.3. MED: Talent at bench with solution on hotplate, then placing electrodes in solution (Video editor: Please transition to next shot to suggest passage of time)

2.4.4. MED: Talent placing electrodes on hotplate oven.

2.4.5. [ADDED] MED: TALENT PLACES ELECTRODE ON A HOTPLATE. THIS IS FOR “SINTER THEM AT 500C FOR 30 MINUTES…”

2.5. Prepare a 0.5 mM dye solution, in this case D149 in a 1:1 mixture of acetonitrile and tert-butanol.  When the electrodes have cooled below 110 ºC, immerse them in the dye solution and leave overnight. After at least 8 hours, remove the electrodes from the dye and thoroughly rinse them in acetonitrile (TEXT: Vigorously for 30 seconds; soaking for 30 seconds) before drying with compressed air.

2.5.1. MED: Talent preparing/readying dye solution in container to be used for immersing electrode

2.5.2. MED: Talent recovering electrodes from hotplate and placing electrodes in dye solution, walking off

2.5.3. WIDE: Talent returning to bench, recovering and rinsing electrodes
3. Preparation of Counter Electrodes and Reflector
3.1. Prepare the counter electrodes using another sheet of 2.3 mm thick fluorine doped tin oxide coated glass, cut into 18.3 mm by 27.5 mm pieces. To create a filling port in each, use a diamond tipped dental burr in a small bench drill.  Before drilling, immerse each counter electrode in water. Then partially drill a small hole in the corner.   Turn the piece over to complete the hole.

3.1.1. MED: Talent working at bench with cut pieces, or completing cutting of sheet into smaller pieces

3.1.2. MED: Talent picking up and checking drill and burr

3.1.3. ECU: Electrode immersed in water, ready for drilling.  Then drill bit being used to start hole in corner.  Drill bit being removed

3.1.4. ECU:  Electrode being flipped over.  Drill being used to complete the hole.  

3.2. After cleaning and drying the counter electrode, place it on a tile with the conductive side up. Apply one drop of platinic acid solution (TEXT: H2PtCl6, 10 mM in ethanol) and spread with the end of a pipette.  Place the tile onto a pre-heated 400 ºC hotplate for 15 minutes. (TEXT: After 15 minutes, remove the tile and glass and allow them to cool on a bench.)

3.2.1. MED: Electrode being placed on a tile

3.2.2. ECU: Platinic acid solution being applied and spread

3.2.3. MED: Talent moving tile and electrode to a hotplate 

3.3. Now turn to making the reflector. Use 2 mm thick non-conductive glass cut into 18.3 mm by 27.5 mm pieces with two holes drilled in adjacent corners along one long edge of the piece. 

3.3.1. MED: Talent arranging glass and other materials for the next steps

3.3.2. ECU: Glass pieces with holes already drilled 

3.4. After cleaning and drying the glass, use a low residue tape to affix it to the bench on three sides. With the glass in place, apply a drop of aluminum oxide paste (TEXT: 2.0 g of 0.3 µm Al2O3 particles, 2 ml colloidal Al2O3, 1 ml ethanol).  Then draw the paste down with a glass rod. Once the film is dry, remove the tape and sinter at 500 ºC for 30 min.

3.4.1. MED: Talent taping glass piece on three sides

3.4.2. CU: Glass piece taped down on bench. Paste being applied to the glass.  Then glass rod used to distribute paste on surface

3.4.3. MED: Talent removing tape and transferring glass to hotplate for sintering
4. Device Assembly
4.1. Begin assembly of the devices by preparing two batches of hot melt adhesive gaskets. One batch is for the dye-sensitized solar cells and is 25 µm thick.  The other batch is for the up-conversion chamber and is 120 µm thick. (TEXT: See manuscript for details)   After placing the solar cell gasket on the corner of the counter electrode, the filling port should remain accessible.

4.1.1. WIDE: Talent at bench preparing gaskets

4.1.2. CU: Gasket for dye-sensitized solar cells. Then up-conversion gasket being placed next to first gasket (Video editor: This is for sentences two and three)

4.1.3. CU: Properly placed gasket with counter electrode showing accessible filling port

4.2. Next, place the working electrode over this with the printed area entirely inside the gasket; be certain to obtain a good seal.  Move the assembly to a hotplate that is at 120 ºC.  Apply pressure until the gasket softens and melts.  (TEXT: Look for the melting gasket to wet the glass surface.)  Once that happens, remove the assembly from the hotplate and allow it to cool.

4.2.1. CU: Working electrode properly placed with printed area inside

4.2.2. MED: Talent moving assembly to hotplate

4.2.3. CU: Assembly on hotplate, then pressure being applied

4.2.4. MED: Talent removing assembly from hotplate and placing it to cool

4.3. When cool, place the second gasket on the reflector,  and be certain the filling ports are not covered.  Next, place the dye-sensitized solar cell on top with its printed area directly in front of the printed lumina reflector.  Heat the device on the hotplate while applying pressure until the gasket softens and adheres.  (TEXT: Cool the device before continuing)

4.3.1. CU: Properly aligned reflector and gasket

4.3.2. CU: Dye-sensitized cell being put in place or in place

4.3.3. MED: Talent heating device on the hotplate
5. Filling Cavities and Making Electrical Contacts
5.1. For the next step, have the electrolyte solution prepared. (TEXT: 0.1 M LiI, 0.6 M 1,2-dimethyl-3-propylimidazolium iodide and 0.05 M iodine in methoxypropionitrile) With the counter electrode facing up, place the device in a small plastic container with a vacuum tube attached. Put a drop of the electrolyte solution over the hole of the counter electrode. Next, place a piece of glass on top. Seal the container and apply a vacuum for a few seconds to draw electrolyte into the dye-sensitized solar cell cavity.

5.1.1. WIDE: Talent at bench placing electrolyte solution near materials for next steps

5.1.2. MED:  Talent orienting and placing counter electrode in container.  If possible, please show that container can be evacuated (connection to pump, tubing)

5.1.3. CU: Electrode in container, then drop being applied to hole.  

5.1.4. CU: Glass being placed on top of electrode

5.1.5. MED: Talent sealing the container and applying vacuum for a few seconds

5.2. Produce the seals with gasket material that has been laminated onto aluminum foil placed  on a hotplate at 120 ºC, gasket material side up.  After cleaning the back of the counter electrode thoroughly, press the device against the gasket material for about 5 seconds to create a seal.

5.2.1. MED: Talent placing gasket material on a hotplate

5.2.2. CU: Gasket material laminate on hotplate, then device being pressed to create a seal.  

5.3. With the seal made, move the assembly into a glovebox.  There, introduce the triplet-triplet annihilation up-conversion solution into the back cavity.  (TEXT: See manuscript for preparation of solution) Once it is full, clean the surface and seal with aluminum backed gasket material.
5.3.1. WIDE: Talent moving the device to a glovebox

5.3.2. MED over the shoulder: Talent introducing solution to cavity

5.3.3. MED: Talent sealing cavity in glovebox
5.4. Working outside of the glovebox, the next step is to create the electrical contacts. With a sonic soldering iron, apply solder appropriate for use with glass to the exposed conducting coating of the working counter electrodes.  Then apply normal solder to attach wires to the anode and cathode.  Here both anode and cathode wires have been attached to the device.

5.4.1. MED: Talent positioning device for soldering

5.4.2. CU: Device as sonic soldering iron is applying solder.  Soldering iron being removed.

5.4.3. CU: Device as normal soldering iron applies additional solder and wire is attached

5.4.4. CU: Device with anode and cathode wires attached

5.5. For additional encapsulation, apply UV curable epoxy to the open edges of the device. Once the epoxy has been cured, attach the anode and cathode wire to an open-ended BNC cable through a terminal block.

5.5.1. CU: Device as epoxy is applied to open edges Also shot Med
5.5.2. MED: Talent working with device and terminal block. USING THE UV ON THE EPOXY 
6. Incident Photon-to-Current Efficiency Measurement
6.1. The device is now ready for the measurement protocol. The experimental setup for measuring device efficiency is depicted in this schematic. The measurements involve two light sources. One is a 670 nm continuous wave laser beam; the pump beam. The second source is an incoherent quasi-monochromatic probe beam generated by a xenon lamp.  

6.1.1. WIDE: Talent at experiment bench ready to put device in holder

6.1.2. LAB MEDIA: “2014_04_22 Figures_NN.pptx”, slide 2 (Video editor: Please remove the “expanded view” element in the lower right for all of the following. Also, is it possible to  improve the labeling in the figure?  Highlight the element labeled “670 nm diode laser” during the third line. During the fourth line highlight the element labeled “White light”)

6.2. The laser beam passes through a neutral density filter and is reflected onto the device held in the sample holder.  The lamp output is passed through a 405 nm longpass filter and a chopper wheel operating at 29 Hz.  It then goes through a monochromator and a 4% beamsplitter.  One output of the beamsplitter goes to a photodiode to record the power variation of the probe beam.  The other is reflected onto the device

6.2.1. LAB MEDIA: (continued)“2014_04_22 Figures_NN.pptx”, slide 2 (Video editor: Please highlight the “ND filter”, “Mirror”, and “Device” as they are voiced in the first sentence. Alternatively, choose some way to set them all apart simultaneously for the first sentence.  For the remaining sentences, highlight the elements are they are voiced.)

6.3. Mount the device in the sample holder and adjust the beams for the experiment.  This representation of the device will show how the light sources are used. Shine the pump beam onto the device so it is incident at an angle at which it only illuminates the up conversion layer.  Align the probe beam to go through the dye-sensitized cell active layer and intersect with the pump in the triplet-triplet annihilation up-conversion layer. 

6.3.1. MED: Talent completing mounting device in holder, starting to adjust mirrors
6.3.2. LAB MEDIA: “Figures for filming.pptx”,  slide 3 (Video editor:  Please begin with the upper diagram without the big, colored arrows and their associated labels.) 

6.3.3. LAB MEDIA: “Figures for filming.pptx”,  slide 3 (Video editor:  [continue from 6.3.2] Please add the red arrow so that it ends in the position it had in the original file.  Also, add the label “pump”.)

6.3.4. LAB MEDIA: “Figures for filming.pptx”,  slide 3 (Video editor:  [continue from 6.3.3] Please add the yellow arrow so that it ends in the position it had in the original file.  Also, add the label “probe”.  This image will be reused.)
6.4. Make use of a dynamic signal acquisition device and current amplifier to measure the short circuit current from the device. Use the output of the photodiode to correct the solar cell current density measurement. Take measurements by scanning the probe beam across the visible spectrum in 5 nm increments. 

6.4.1. WIDE: Talent setting up/checking signal acquisition equipment 

6.4.2. MED: Talent making/checking connection between photo diode and dynamic signal acquisition device

6.4.3. MED: Talent starting collection of data
6.5. After making measurements using both the pump and probe beams, turn off the pump beam source and measure the integrated device current density.  (TEXT: See manuscript for additional measurements and further details.) When this has been done, reconfigure the experiment to find the probe beam power incident on the device. Do this by removing the device and placing the photodiode in the sample position to measure the current generated by the probe. 
6.5.1. LAB MEDIA: “Figures for filming.pptx”,  slide 3, top image (Video editor: Please remove the big red arrow and its label, “pump”.  Perhaps title the image “Configuration for measuring the integrated device current density”)

6.5.2. WIDE: Talent working at bench to remove the sample

6.5.3. MED: Talent removing device and replacing it with photodiode
7. Results: Demonstration of Incident Photon-to-Current Efficiency Enhancements using Triplet-Triplet Annihilation Up-Conversion with Dye-Sensitized Solar Cells 

7.1. The first measurements were done with the pump beam adjusted to arrive at the up-conversion layer at a greater angle than the probe beam to avoid laser biasing of the dye-sensitized cell.  This plot of the incident photon-to-current efficiency enhancement as a function of wavelength demonstrates that enhancement takes place without significant biasing.  
7.1.1. LAB MEDIA: “Figures for filming.pptx”, slide 3 (Video editor: Please use image from 6.3.4.)  As the the second sentence begins, reduce this image to accommodate the figure in 7.1.2 above it.)
7.1.2. LAB MEDIA: “2014_04_22 Figures_NN.pptx”, slide 4, panel a; previous image below (Video editor: For the second sentence, please add the “panel a” image, which should be the larger of the two. 

7.2. The inset gives the normalized gain in raw response.  The difference in the current reflects the absorption peak of the sensitizer at 675 nm and is otherwise lost in the noise.  Overall, the data compares favorably with a model of the incident photon-to-current efficiency. 

7.2.1. LAB MEDIA: continue 7.1.2 (Video editor: In the inset, please point out the peak on the right at 675 on the horizontal axis during “absorption peak of the sensitizer at 675 nm”.)

7.2.2. LAB MEDIA: continue 7.2.1; ToC.pptx, lower right figure (Video editor: Please rescale and move the pair of images from 7.2.1 to the left to allow an analogous pair of  images to be placed to the right. This will be used later; I'll refer to this as 7.2.2A.  For now, place the new image [from ToC.pptx] to the right of upper image of 7.2.2A and with the same size.)

7.3. Other measurements were made with the pump and probe beams both going through the dye-sensitized cell. In this case, there is a significant efficiency enhancement. In the inset,  the effect of the sensitizer is no longer seen at 675 nm.  The common path of the beams seems to enhance the performance across the entire visible spectrum and suggests laser biasing. 
7.3.1. LAB MEDIA: “Figures for filming.pptx”, slide 3, lower image (Video editor: For the second sentence, reduce the image and place it on the bottom right of 7.2.2A so the two images along the bottom are symmetric.)  

7.3.2. LAB MEDIA: continue 7.3.1; “2014_04_22 Figures_NN.pptx”, slide 4, panel c (Video editor: During the second sentence, please place this on the top right of 7.2.2A so that images along the top are symmetric.  For a later shot, eliminate the images on the left and move the images on the right to the left. I'll refer to this as 7.3.2A)

7.4. To test the effect of laser bias, a third set of measurements were made using an integrated device with the up-conversion chamber left empty, but otherwise analogous to the one used in the first two measurements.  In this case, the biasing effect is seen to be more significant due to the laser light being reflected back to the device. 
7.4.1. LAB MEDIA: “Figures for filming.pptx”, slide 3, bottom image (Video editor: Please replace the label “TTA-UC layer” with “Empty chamber”. Highlight the label [and/or the region pointed to] during “up-conversion chamber left empty” in the first sentence. For the second sentence, reduce this image and place it on the bottom right of 7.3.2A so the two images along the bottom are symmetric.)
7.4.2. LAB MEDIA: continue 7.4.1; “2014_04_22 Figures_NN.pptx”, slide 4, panel d (Video editor: During the second sentence, please place this on the top right of 7.3.2A so that images along the top are symmetric.)
8. Conclusion (said by authors on camera)
8.1. Yuen Yap (Dennis) Cheng: While attempting this procedure, it’s important to remember to be critical of the data you collect.
8.2. Rowan MacQueen: Don't forget that working with benzene can be extremely hazardous and precautions such as isolation should always be taken while performing this procedure. 
8.3. Andrew Nattestad: After watching this video, you should have a good understanding of how to construct and characterize an up-conversion assisted DSC.
8.4. Tim Schmidt: After its development, this technique paved the way for researchers in the field of application of photon upconversion in photovoltaics to have fair comparisons of various upconversion-assisted devices.
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, 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
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.
 2012, Journal of Visualized Experiments


