Submission ID #: 53728
Editor: Steven Nilsen
Videographer: Kevin McRoberts
Film Date: Dec 9, 2015
Authors and Affiliations: 
Eric Breckenfeld1, Heungsoo Kim2, Raymond C. Y. Auyeung2 and Alberto Piqué2 
1. National Research Council Research Associates Program, Naval Research Laboratory, Washington, DC; 2. Materials Science and Technology Division, Naval Research Laboratory, Washington, DC
Title: Laser-Induced Forward Transfer of Ag Nanopaste
Corresponding Author: 
Eric.breckenfeld.ctr@nrl.navy.mil
Co-authors:
auyeung@nrl.navy.mil
heungsoo.kim@nrl.navy.mil
alberto.pique@nrl.navy.mil
A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)__No
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)____No
C.  Which steps of your protocol will viewers benefit most from having filmed?
 Steps 2.2 (blading), 4.2-4.6 (optimizing laser transfer), , 5.1  (printing lines)  (this is numbering from original manuscript)
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?
4.4 is the hardest, careful optimization during this step is of the utmost importance. It takes a lot of patience.
E.  Will the filming need to take place in multiple locations? (Y/N) __N (Yes if we’re doing DLP which I don’t like because even with new ink, it is difficult to get uniform transfer; may need ‘spiked’ beams and many attempts)
1. Introduction 
A. Experimental Goal (read by voice talent at JoVE):
The overall goal of this technique is to print thin-film-like features that are highly congruent in shape and size to an incident laser spot.  This additive manufacturing technique can print spanning interconnects, microbridges and high aspect ratio structures. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Eric Breckenfeld: This is a direct-write method based on laser-induced forward transfer or LIFT.  Unlike traditional LIFT, our process uses a high viscosity silver nano-paste that minimizes any wetting interactions with the substrate.
1.2. Eric Breckenfeld: The main advantage of this technique is that it is a non-contact, nozzle free process that can transfer shapes congruently with dimensions ranging from a few microns to over a hundred microns.
Protocol (read by voice talent at JoVE):
2. Preparing to Print Voxels
2.1. Begin with spreading about 10 milligrams of prepared silver nanopaste [2.1.1-MED] into one side of a 2 micrometer deep well etched into a glass slide. [2.1.2-CU] This nanopaste is the donor substrate. [2.1.3-ECU]

2.1.1. [2.1.1 to 2.2.2 combined] taking aliquot of nanopaste [use Take 3]
2.1.2. spreading it onto slide

2.1.3. detail of completed “donor substrate” slide
2.2. Next, using a metal blade, spread the paste into the well uniformly and without any thin spots. [2.1.3-CU] A prepared small well with paste functions as an “ink ribbon” - wipe away the excess paste around the well.  [2.1.2-ECU]

2.2.1. film as written

2.2.2. film as written

2.3. Next, dry the ink ribbon in a box filled with dry nitrogen.  A low humidity environment is required. [2.3.1-MED] After two or more hours at room temperature, the ink should be ready for printing. [2.3.2-WID]

2.3.1. loading the ink ribbon into N2-gassed container

2.3.2. following shot taking ink ribbon to the printing device

2.4. For storage up to one month, place the well face down onto a glass slide [2.4.1-CU] and keep this assembly in a dry-nitrogen environment. [2.4.2-MED]

2.4.1. film as written

2.4.2. loading well/slide into N2-gassed container

2.5. Eric: To test the ribbon viscosity, attempt to laser-transfer some square voxels. The word “voxel” refers to a single volumetric element of material. The square shape is selected because it serves as a good test for congruent laser transfer. 

2.5.1. Interview with talent, at printer

2.6. First prepare the receiver substrate, in this case a diced silicon wafer. [2.6.1-ECU]  Attach it to a vacuum chuck on an XY translation stage. [2.6.2-MED] Next, place shims made of the same material and of the same height as the receiver substrate on both sides of the substrate. [2.6.3-ECU]  

2.6.1. detail of the receiver substrate

2.6.2. film as written 

2.6.3. placing the two shims

2.7. Now, activate the vacuum pump to secure the receiver substrate and shims to the chuck. [2.7.1-MED] Then, place the donor substrate ink-side-down upon the receiver substrate. [2.7.2-CU]

2.7.1. turning on the pump

2.7.2. placing donor substrate on receiver substrate

2.8. Select an aperture of the desired voxel shape, and position it in the beam path. [MED]

2.8.1. setting up the aperture 

2.9. In this example, a square aperture is used. [LM]

2.9.1. Fig 1 – top portion

2.10. Using a camera that is parfocal with the laser spot, focus on the ink layer in the well [2.10.1-MED] through the backside of the ribbon. [2.10.2- LM]

2.10.1. talent focusing the camera, show general method of focusing, associated actions

2.10.2. Fig 2 – bottom portion
3. Printing Voxels
3.1. Now, attempt to laser print some voxels.  First, fire a single laser pulse onto the donor substrate. [WID]
3.1.1. establishing shot of talent and rig, talent checking things over
3.2. Begin somewhere between forty and sixty milliJoules per square centimeter. [3.2.1-CU] If the focus position is correct and if the energy is sufficiently high, a voxel will be ejected.  [3.1.2-MED]

3.2.1. programming laser power

3.2.2. firing the laser

3.3. Check for a square hole in the ribbon ink layer, which indicates a voxel was ejected. [3.3.1-ECU] Then, move aside the donor substrate and inspect the ejected voxel. [3.3.2-ECU]

3.3.1. hole in donor substrate

3.3.2. checking under donor substrate for voxel

3.4. If the hole isn't visible or clear, adjust the beam focus by repositioning the objective.  [MED]

3.4.1. adjusting position of objective

3.5. If the focus is correct but no voxel appeared, then gradually increase the energy of the laser.  [CU]

3.5.1. increasing the laser power

3.6. If a hole appears, but seems to quickly disappear, it could be re-filling with ink. [ECU SCREEN]

3.6.1. show a hole made in wet ink, which refills

3.7. This occurs when the ink viscosity is too low. Try drying the ribbon for another thirty minutes. [WID]

3.7.1. removing ink from set up and placing it back in drying chamber
3.8. Eric Breckenfeld: Optimization of ribbon ink viscosity is the most important step in this LIFT process. If the ink viscosity is too low, you will not achieve well-defined shapes and if it is too high, the voxels will crack or shatter. [WID]

3.8.1. interview with Eric at bench
3.9. Once a clear and sharply defined square voxel can be made, [3.9.1-MED] try printing an array of voxels to ensure the repeatability of the transfer process. [3.9.2- CU SCREEN]

3.9.1. talent programming an array of shots, preparing for this action, however done

3.9.2. laser firing repeatedly at the substrate

3.10. If everything is well optimized, a well-defined array of voxels should be transferred, which is evidenced by an array of square holes on the ribbon. [LM]

3.10.1. Fig 4

3.11. Now a variety of structures can be printed. [3.11.1-MED] For example, continuous lines are made by transferring connected voxels directly adjacent to one another. [3.11.2-LM]

3.11.1. establish the talent programming a line pattern
3.11.2. to be provided by the author – SCREEN CAPTURE of programming a line
4. Printing Complex Structure and Printing Images
4.1. Many advanced structures can be printed [4.1.1-WID] using this high-viscosity ink that are impossible to print with low-viscosity ink, such as a bridge. [4.1.2-LM]

4.1.1. establishing shot of talent working with printer, programming a structure
4.1.2. to be provided by the author – SCREEN CAPTURE of programming a bridging structure
4.2. A bridging structure can be created by ejecting voxels over a micro-channel or gap in the substrate. [LM]

4.2.1.  Figure 7a

4.3. Pyramid structures can be created by stacking voxels upon one another in a staggered fashion. [LM]

4.3.1. Figure 7c

4.4. High aspect ratio stacks can also be created by repeatedly transferring voxels to the donor substrate at the same location. [LM]
4.4.1.  Figure 7d

4.5. If any structure will be taller than five microns, [3.16.1-CU] insert spacers between the substrates periodically so the voxels don't contact the ink ribbon. [3.16.2-ECU]

4.5.1. [4.5.1 to 4.6.1 combined] accessing the gap between the substrates

4.5.2. adding additional spacers to 

4.6. Do not forget that the optics must always be refocused after adding spacers. [CU]

4.6.1. adjusting the objective position to focus the laser
Authors, we have enough time to capture video of the DMD set up.  You won't actually need to create a print that works to make this part of the film work because we'll just rely on existing images and showing you operate the machine from a distance.
4.7. Even more complex voxel shapes can be printed [4.7.1-WID] by using a DMD chip in lieu of an imaging aperture.  [4.7.2-MED LM]
4.7.1. establishing talent working on a new printing set up Use 4.1.1
4.7.2. show the DMD in the beam path where the aperture would otherwise be placed

4.8. An image of the desired voxel shape must be prepared beforehand [4.2.1-MED SCREEN] in the commercially available DMD software. This process is described more thoroughly in the text protocol.  [4.2.2-LM]

4.8.1. talent opening DMD-associated software and accessing a program
4.8.2. to be provided by the author – SCREEN CAPTURE of programming in the DMD software
4.9. Based on the image selected in the software, the DMD chip will reflect the incident laser beam to create a corresponding image on the donor substrate.

4.9.1. Figure 8A

4.10. If performed properly, a voxel in the shape of the image should be ejected. Using this method, it is relatively simple to print any variety of complex voxel shapes with 10 to 20 micron resolution.

4.10.1. Figure 8B
5. Furnace Treatment
5.1. Eric Breckenfeld: After deposition, the paste can oven-cured and measured to have resistivities between 3 and 5 times that of bulk silver.  This demonstrates that the properties of the transferred material are not degraded during the LIFT process. [MED/WID]

5.1.1. interview shot, near furnace
5.2. To oven-cure the printed voxels, transfer the substrate to a 180 ºC furnace. [WID]

5.2.1. arriving at furnace with a substrate

5.3. Let the sample cure for up for two hours.  [MED]

5.3.1. closing the door to the furnace and starting a timer

5.4. Then, characterize the sample. [MED]

5.4.1. removing cured substrates from furnace

5.5. A significant volume reduction occurs when the voxels are cured. [WID]

5.5.1. setting up at microscope to examine the cured substrate

5.6. A 50 to 60% volume reduction is common. Usually this volume reduction manifests as a reduction of voxel thickness, and not a decrease in the lateral dimensions. [LM]
5.6.1. An image of pre-cured and cured substrates to show volume changes is needed
SCREEN CAPTURES:  Authors: if we are going to show how techniques are performed on computers, you will be asked to make movie files of the software in use.  Filming screens from a video camera often results in artifacts due to the screen refresh. When you receive the final script, and a shot is listed a “SCREEN CAPTURE” you will need to make a movie file of the actions required.  Make exactly one file per requested SCREEN CAPTURE containing only the requested actions.  Do not bundle several action sequences into one large file.  Name the file according to the shot number.  Then, upload each of these files to your project folder.
6. Results: Ag Paste Viscosity and Improved Line Printing
6.1. Viscosity of the silver paste has a huge impact on the voxel qualities.   When the paste viscosity is low, surface tension will cause the voxels [6.1.1-LM] to be more rounded, losing their original shape. [6.1.2-LM]

6.1.1. Fig 2a – animate this three panel sequence by fading between the three, the center panel is like a motion mid-point between the first and third, on the first panel the three arrow pointing down can bust on and blink off (they indicate a laser blast)

6.1.2. Fig 2b

6.2. If the viscosity of the paste is too high, [6.2.1-LM] the voxels tend to fracture. [6.2.1-LM]

6.2.1. Fig 2c (animate like above)

6.2.2. Fig 2d

6.3. When the paste viscosity is just right, [6.3.1-LM] voxel edges are sharply-defined and there is no fracturing. [6.3.1-LM]

6.3.1. Fig 2e (animate like above)

6.3.2. Fig 2f

6.4. Voxel chains can be made into long conductive lines using an end-to-end technique. Simply connecting rectangular voxels, however, is not terribly reliable and links are often broken.

6.4.1. Fig 6A+B – editor: add arrows to point point out cracks in A and B at “however”

6.5. By printing interlocked voxels in an end-to-end manner, this problem can be averted and seamless lines can be made reliably.

6.5.1. Fig 6C+D
7. Conclusion (said by authors on camera)
7.1. Eric Breckenfeld: Laser-induced forward transfer is a unique direct-write process which can congruently transfer high-viscosity nanopastes while retaining their intrinsic functional properties. 
7.2. Eric: This high congruence between the laser spot and printed voxel enables the fabrication of novel structures and surfaces for microelectronics applications. 
7.3. Eric: With enough practice, you should be able to reliably transfer simple shapes in one to two hours.
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.

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 are included in the email accompanying the finalized script.
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