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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) Y. If yes, please list make and model of your microscope: scanning electron microscope (SEM).

B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) Y 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps:2.2, , 2.7, 2.8, 3.3, 3.5, 4.2.
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  The difficult aspect is that we cannot do the complete site-specific sample preparation in life because it can take long time (more than 1 day). Therefore, we plan to prepare same samples at different steps shown in the protocol, prior to the filming time. The same for APT measurements, one APT run can take more than 1 day. Therefore, we will show in the video very quickly a run of a CIGS sample (prepared already before). ______________________________
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 determine the correlation between chemical composition and structure of CIGS grain boundaries. (Intro)

This is accomplished by first lifting-out a piece of the CIGS material and mounting a part of it on top of the sharp molybdenum pins of a transmission electron microscopy half-grid. (P1. The Powerpoint is animated to show this.
The second step is to perform an electron backscattered diffraction measurement on the cross-section of the CIGS piece, which was previously cleaned in a focused ion beam. (P2, show step 2)
Next, annular milling in the area of a selected grain boundary is performed. The aim of this step is to obtain at the end a very sharp tip of about 50 nm in diameter. (P3, show step 3, the Powerpoint has minor animation)
The final step is to localize the precise position of the grain boundary within the tip by using the transmission electron microscope and to place this grain boundary close to the apex of the tip by using the focused ion beam tool. (P4, show step 4)
Ultimately, atom probe tomography studies performed on the prepared tip show the chemical composition of the selected grain boundary at the nanoscale. (P5, show step 5)
Use Ppt-animation graphic overview
B.  Interview: (Said by you on camera. Don’t forget to smile!)  
Authors: Below are statements we would like you to complete that are complementary to the information contained within the schematic overview.
· Only one statement should be chosen and completed per author who will be on camera demonstrating the protocol.

· Enter the name of the individual who will say each line. 

· Please choose and fill out the statement(s) that convey the most important fact(s) about your protocol. You may revise the given prompts as necessary to improve the sentence flow.

· If any individuals will be doing demonstrations on camera but are not assigned a speaking part in this interview section, please use statement 1.8 to introduce these demonstrators (for example, the PI introduces students)

Only one statement should be chosen and completed per author who will be on camera.

(Authors: Please review the following statements; they have been edited for length.)
1.1. Author name Oana Cojocaru-Mirédin : The main advantage of this technique over the existing standard lift-out method, is that we can directly correlate the chemical composition  with the structural information, such as grain boundary type,and misorientation.
1.2. Author name Oana Cojocaru-Mirédin : This method can help answer key questions related to CIGS thin-film solar cells, such as the reduction of production costs and the enhancement of efficiency. Indeed, internal interfaces, in particular grain boundaries within the CIGS absorber, play a pivotal role, as they can affect the transport and recombination of photogenerated charge carriers.
1.3. Author name M. Herbig: This approach is in principle applicable to all materials with grain sizes above ~500 nm that can be characterized by atom probe tomography.
1.4. Author name T. Schwarz: Generally, the present method is challenging for individuals new to this field because they need to be skilled at focused ion beam, electron backscatter diffraction and transmission electron microscope techniques.
1.5.  Author name P. Choi: We first came up with the idea of developing this method, when we found that the impurity concentration, in particular sodium, varies from one CIGS grain boundary to another.

Protocol (read by voice talent at JoVE):
Authors:  In order to ensure that your protocol can be filmed in a single day, the protocol text must be limited to 30 steps – each step being defined as 3 lines of 12 pt text in our formatting style below.  This amounts to 3 pages of protocol text.  The scope of the scripted protocol text should include only those aspects of the procedure that require visualization in order to be well understood.     

2. Sample Fabrication for Atom Probe Tomography Analysis
2.1. Begin by creating a source of CIGS material for study.  In this demonstration, 500 nm of molybdenum was sputtered onto a 3 mm thick soda lime glass substrate, and 2 micrometers of CIGS was coevaporated onto the molybdenum. 

2.1.1. MED: Talent displaying sample.

2.1.2. CU: Sample.

2.1.3. LAB MEDIA: Figure 1 from the manuscript.  (TEXT: CIGS: Cu(In,Ga)Se2    Mo: Molybdenum)
2.2. Next, create the structure that will be used to support a specimen.  Cut a molybdenum transmission electron microscopy grid into two pieces.   Mount the half-grid onto a specially designed holder.  Electropolish the molybdenum pins in 5% sodium hydroxide to obtain sharp posts with diameters smaller than 2 micrometers.

2.2.1. MED over the shoulder: Talent at bench with relevant materials. 

2.2.2. CU/ECU: Show grid, cutting of the grid, and final pieces.

2.2.3. ECU: Mounted grid (show mounting of grid too, if possible)

2.2.4. MED: Talent starting electropolishing.

2.3. Working with a focused-ion-beam, mill two trenches in the CIGS film that undercut a region about 25 μm by 2 μm. Then use the beam to cut the left side of the region free. 

2.3.1. MED: Talent working at focused ion beam apparatus.
2.3.2. LAB MEDIA: Figure 2a from manuscript. (Video editor: Highlight or label the trenches [top and bottom], and the cut on the left–ideally when voiced.)
2.4. Now, deposit a platinum weld on the region and attach a micromanipulator.  With this in place, make the final cut on the right side of the region to obtain a free standing section of material. 

2.4.1. LAB MEDIA: Figure 2b from manuscript.(Video editor: Label manipulator [object entering from lower left] and site of final cut [at opposite end of the piece touched by manipulator] as they are mentioned)

2.5. Cut the tips of the sharp pins of the half-grid to create surfaces 2–3 micrometers in diameter as a good platform and joint for the extracted section.  Mount the extracted section of CIGS material on the pins using a platinum weld. 
2.5.1. LAB MEDIA: FIGURE 2c from manuscript.(Video editor: Label tip of grid pin [lowest point of object entering from the top] and extracted section [rectangular piece] as they are mentioned) 

2.6. Once the sample is attached, make a free cut to leave only about a 2 micrometers CIGS piece on top of the pin.  Finally, fill the gap between the pin and the mounted piece with platinum. 

2.6.1. LAB MEDIA: Figure 5 video script.jpg (Video editor: Label platinum fill, essentially the round, flat surface at the bottom of the wedge )

2.7. Orient the grid with the pins facing upward. Set the focused-ion beam to have an accelerating voltage of 5 kV and a beam current of less than 50 pico-amps.  Use the beam to clean the cross-section of the sample at the end.  

2.7.1. MED over the shoulder: Talent setting beam parameters and starting beam.

2.7.2. SCREEN (or LAB MEDIA): Final, clean sample (Figure 6 video script.tif).
2.8. Perform electron beam backscatter diffraction measurements on the cleaned cross-section. Based on the data, choose a grain boundary of interest. Ideally choose a grain boundary that is perpendicular to the analysis direction of the atom probe. Here the choice is shown by the schematized position of the atom probe tomography tip.

2.8.1. MED: Talent preparing for electron beam backscatter measurements

2.8.2. SCREEN/LAB MEDIA: Result of electron beam backscatter showing grain boundaries. 

2.8.3. SCREEN (or LAB MEDIA): Identification of grain boundary of interest (Fig 2-revised.jpg, part d)(Video editor: If Fig 2 revised.jpg is used, point to the black triangular region when last sentence is voiced)

2.9. Set up the focused ion beam to do annular milling to form a sharp tip near the chosen grain boundary. Perform the annular milling.  In the end, the sharp tip should be suitable for further transmission electron microscopy.  

2.9.1. SCREEN: Set up of annular milling pattern.

2.9.2. SCREEN: Progress of annular milling.

2.9.3. SCREEN (or LAB MEDIA): Final result of milling (Figure 2e from manuscript)

2.10. After the tip is formed, use transmission electron microscopy to locate the precise position of the grain boundary with respect to its apex. 

2.10.1. MED/WIDE: Talent moving to the TEM

2.10.2. SCREEN (or LAB MEDIA): Image of grain boundary near apex (Figure 2f from manuscript)

2.11. With the grain boundary located, return the sample to the focused-ion-beam operating at 5 kV and less than 50 pA.  Continue to mill the sample to situate the grain boundary at a maximum of 200 nm below the apex of the tip. Monitor the process with secondary electron microscopy.  
2.11.1.  MED/WIDE: Talent returning to ion beam apparatus
2.11.2.  LAB MEDIA: Figure 2g from manuscript.
2.12. Now, back at the transmission electron microscope, check the position of the grain boundary with respect to the tip using low magnifications and reduced exposure times to limit damage.  Make an overview image of the specimen to obtain knowledge of the grain boundary position, the specimen diameter, and the half shank-angle.  

2.12.1. LAB MEDIA: Figure 2h from manuscript.
3. Atom Probe Tomography in a CAMECA LEAP 3000X HR System
Videographer:  If steps 3.1–3.5 are shots of a real run, it will take on the order of 1.5 hours (most of it waiting). Step 3.3 can be mocked in the interest of time.
3.1. To begin the process, mount the pre-characterized sample in the atom probe tomography holder.  Then, mount the holder in one of the three carousels available.

3.1.1. MED: Talent mounting the sample in the sample holder.

3.1.2. MED: Talent placing sample holder in ATP carousel.

3.2. Insert the carousel into the load lock and start the vacuum pump.  When the pressure in the load lock is about 100 nanoTorr, insert the carousel into the buffer chamber.

3.2.1. MED: Talent placing carousel in the load lock, then starting the pump.

3.2.2. MED over the shoulder: Talent monitoring the pressure then talent starting to move carousel (show pressure of around 100 nanoTorr, if possible)

3.2.3. CU: Carousel moving into buffer chamber.

3.3. Once the pressure in the buffer chamber returns to approximately 7 nanoTorr, in about one hour, manually operate the horizontal transfer rod.  This moves the specimen from the buffer chamber to the main analysis chamber.  

3.3.1. MED over the shoulder: Talent monitoring pressure; show pressure, if possible.

3.3.2. MED over the shoulder: Talent manipulating the transfer rod.

3.3.3. CU: Movement of sample into main analysis chamber (OPTIONAL–if anything can be shown)

3.4. Next, cool the system to below 60 K to avoid diffusion of the atoms at the surface of the specimen during the analysis.  Once the system is cooled, set the apparatus to laser mode using a green laser with a wavelength of 532 nm and a pulse length of 12 picoseconds. Finally, begin taking measurements.

3.4.1. MED: Talent at apparatus starting cooling.

3.4.2. SCREEN/CU: Talent setting parameters
3.4.3. MED: Talent starting measurements.

4. Reconstruction of Atom Probe Tomography Data
4.1. For data analysis, use the Integrated Visualization and Analysis Software.  The raw data from the measurements is contained in an RHIT file.  To reconstruct the 3D map, verify that you have the correct file using the “setup” pane.

4.1.1. MED: Talent at a computer opening software.

4.1.2. SCREEN: File being chosen and opened in software.

4.1.3. SCREEN: Verify file in the setup pane.

4.2. Perform the standard set up steps for atom probe tomography data.  Once set up is complete, for reconstruction, choose the tip-profile method.  This will make use of the previously gathered transmission electron microscopy data. 

4.2.1. MED over the shoulder: Talent working on some standard step.  For example, selection of appropriate ion sequence range, or assigning peaks.

4.2.2. SCREEN: Choosing of tip-profile method.  

4.2.3. SCREEN: Beginning or intermediate steps of analysis (OPTIONAL)

4.3. Once the steps are completed, confirm the preview created in the reconstruction tab and save the analysis.

4.3.1. SCREEN: Final result of analysis.

4.3.2. SCREEN: Confirmation of preview and saving the analysis.

5. Results: Elemental Maps and Concentration Depth Profiles of a Grain Boundary
5.1. Here is a three dimensional side view of a CIGS high angle grain boundary analyzed by the atom probe tomography technique. This grain boundary was selected using the site-specific preparation method shown in this video. The misorientation angle of this grain boundary is 28.5°. 

5.1.1. LAB MEDIA: video APT results for 5.1 part-compressed.avi

5.2. These maps clearly show the co-segregation of sodium, oxygen and potassium, respectively at the boundary.  These impurities most likely diffused out of the soda lime glass substrate into the absorber layer during the deposition of the CIGS layer at 600º C. 

5.2.1. LAB MEDIA: Figure 3 from manuscript. (Video editor: Please draw a box or circle around the second green (Na) image for “sodium”, around the third blue (O OH) image for “oxygen” and around the final olive (K) image for “potassium.”)

5.3. For the same sample, concentration depth profiles across the grain boundary for selenium, copper, indium, and gallium are shown on the left. Because of the different scales, the concentration depth profiles for sodium, oxygen, and potassium are shown on the right.  The concentrations at the grain boundary, highlighted in grey, are different compared with the grain interior.    

5.3.1. LAB MEDIA: Figure 4 (a and b) from manuscript. (Video editor: Point to the red line on “selenium”, blue on “copper”, purple on “indium” and yellow on “gallium” in the first sentence.   In the second sentence, point to the green line on “sodium”, the light blue line on “oxygen”, and the black line on “potassium”. 

5.4. Both copper and gallium are depleted at this grain boundary, whereas indium in enriched. This is in agreement with ab initio density functional theory calculations.

5.4.1. LAB MEDIA: Figure 4a from manuscript (Video editor: Put the left hand figure in previous shot in the foreground.   At the start of the sentence, point to the blue and yellow lines; then the purple line for the rest of the sentence.)

5.5. Furthermore, the sodium has the highest concentration at this boundary, 1.7 atomic percent, followed by the oxygen and potassium with a concentration of 0.4 atomic percent and 0.035 atomic percent, respectively.
5.5.1. LAB MEDIA: Figure 4b from manuscript. (Video editor: Return previous graph to background, bring right figure from 5.3.1 to foreground.  Point to the green line at the start of the sentence, then the light blue line when “oxygen” is said, and the black line when “potassium” is said.)

INSTRUCTIONS FOR AUTHORS:
Please ensure that the representative results narration is appropriate and correctly describes your images, movies, or figures.  Our editors have ensured that the results are written in our format.   

We consider this section a critical aspect of the video, because here is where you provide validation for your experiments.  For example, if this is a cell culture preparation, this section is where the video will show your cells at various time points following culturing.  If this is an imaging prep, then this part is where you will show examples of your imaging experiments.  

Please limit the extent of narration to no more than 2-3 lines of text per image or movie file being described.   Figures with multiple panels submitted with the original protocol should be broken up so that each panel is a separate image.   Like the schematic, each image or movie file supplied in the results should be referenced by annotation in parenthesis, however for the results, the specific filename should be given in parenthesis.  

Below is an example of results text:

EXAMPLE REPRESENTATIVE RESULTS

5.  Evaluation of Morpholino Injection and Knockdown

5.1   Representative results of both morpholino injection and mRNA injection are shown here. The    
        uninjected control at 48 hours post fertilization looks normal, as expected 
        -LAB MEDIA: 0123_PIname_Figure1.tif  (Replace 0123 with your jove video #)

5.2   However, embryos injected with the morpholino heg_e3i3_egfr1, which knocks down Heg isoforms
                     containing the first of two EGF-like repeats, exhibit brain edema.


        -LAB MEDIA: 0123_PIname_Figure2.tif


5.3   Injection of heart of glass mRNA also produced an obvious phenotype. At 24 hours post fertilization, 
        the heads of the uninjected controls look normal 
        -LAB MEDIA: 0123_PIname_Figure3.tif

5.4   Conversely, some of the embryos injected with the mRNA exhibit cyclopia     
                     -LAB MEDIA: 0123_PIname_Figure4.jpg

Please visit the following URL to see an example of how the results will look when complete:
http://www.jove.com/video/1597/results-example-mably?access=ksw0bprj
6. Conclusion (said by authors on camera)
Authors: Below are statements we would like you to complete that summarize and conclude the video. Only one statement should be chosen and completed per author who will be on camera demonstrating the protocol. In addition to choosing and filling out the appropriate statement, please enter the name of the individual who will say each line. You may revise the given prompts if necessary to better fit your protocol.
6.3. Author name Torsten Schwarz: Once mastered, this site-specific sample preparation can be done in 20 hours for 6 samples, if it is performed properly.

6.4. Author name M. Herbig: The application of this technique requires experience with four techniques: focused ion beam milling, electron backscatter diffraction, transmission electron microscopy, and, of course, atom-probe tomography.

6.5. Author name Oana Cojocaru-Mirédin: Following this procedure, other methods like cathodoluminescence can be performed in order to answer additional questions like the recombination activity of charge carriers at selected CIGS grain boundaries.

6.6. Author name Pyuck-Pa Choi: After its development, this technique paved the way for researchers in the field of material science to explore and understand physical phenomenon at the nanoscale.

6.7. Author name Oana Cojocaru-Mirédin: After watching this video, you may have a good understanding of how to prepare a site-specific sample for atom probe tomography, especially when internal interfaces, such as grain boundaries, need to be analyzed.

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.

1A - Ppt-animation graphic overview- graphic overview showing the procedural narrative
2.1 - Figure 1 video script - the view of the SEM/FIB chamber.
2.2 - Figure 2 video script - Image of the Mo grid.

2.2 - Figure 3 video script - Image of the electrosharped Mo pins.

2.2 - Figure 4 video script - Image of the mounted Mo half-grid on the holder.

2.5 - Figure 5 video script - Image showing the gap between the CIGS material and the Mo pins.

2.6 - Figure 6 video script - Image of the cleaned section of the CIGS material.
2.7 - Figure 2 manuscript - a) Milling of a chunk for lift-out, b) attaching of a micromanipulator by Pt deposition, c) mounting of a chunk piece on a TEM Mo half-grid, d) EBSD measurement on a cleaned cross-section, e) annular milling of a pre-sharpened tip, f) TEM image of a GBs in the APT tip before low-kV milling, g) final low-kV milling, h) TEM image of a GB in the APT tip after low-kV milling.

5.1 – video APT results for 5.1 part - three dimensional side view of a CIGS high angle grain boundary analyzed by the atom probe tomography technique
5.3 - Figure 4a manuscript - Cu, Se, Ga, In concentration depth profiles through the GB
5.4 - Figure 4b manuscript - Na, K, O concentration depth profiles through the grain boundary.
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.
�Part was removed!!


�See the file 2-7-2013 3-28-06 PM-SCREEN 3.4.2+3.4.3.


Video better after 1:35 minutes up to the end.


It was not possible to take a video for the parameter settings except for temperature.�Snagit register only 1 screen not 2 screens.


�For this part please see the file 2-7-2013 5-30-47 PM-SCREEN 4.1.2+4.1.3.mpeg


�For this part please see the file 2-7-2013 6-42-22 PM-SCREEN 4.2.2+4.2.3.


�For this part please see the file 2-7-2013 6-45-26 PM-SCREEN 4.3.1+4.3.2.
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