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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) ___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)___N_____ 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps
2.1) Device alignment.

2.2) Output power measurement.

2.3) Radiation spectral characterization.
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  
Fabrication of plasmonic gratings is the most difficult aspect of this procedure & several electron beam dose tests are performed for the electron-beam lithography step to ensure its success. [Note: The fabrication process was never asked to be recorded.-WH]
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 demonstrate a highly efficient method for generating terahertz radiation. (Intro)

This is accomplished by incorporating plasmonic contact electrodes in photoconductive terahertz emitters to enable high quantum efficiency and ultrafast device operation simultaneously. (P1) 
The first step is to fabricate plasmonic photoconductive emitter prototypes using electron-beam lithography.  (P2)
Next, the radiation power of the implemented emitter prototypes is measured and compared with identical conventional photoconductive terahertz emitters without plasmonic electrodes. (P3)
The final step is to characterize the spectral properties of the radiation from plasmonic photoconductive terahertz emitter prototypes. (P4)
Ultimately, results are obtained which show that incorporating plasmonic electrodes in a photoconductive emitter could enhance the radiation power and efficiency by two orders of magnitude. (P5) 
(Video editor:  The images are named Procedure[1-5] on the upload site.  They are .bmp, .jpg and  .tif files.)
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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)

1.1. Author name Mona Jarrahi: This method can help address the main limitation of conventional photoconductive terahertz emitters, which is the tradeoff between high quantum efficiency and ultrafast operation of conventional photoconductors. 
1.2. Author name Mona Jarrahi: Christopher Berry, a grad student from my laboratory, demonstrates the terahertz emitter characterization procedure. 

1.2.1. Interview style: Author saying the above 
1.2.2. The named technician, post doc, student looks up from workbench or desk or microscope and acknowledges the camera.
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. Comparison of Conventional and Plasmonic Photoconductive Emitters
2.1. Conventional photoconductive terahertz emitters consist of a terahertz antenna integrated with an ultrafast photoconductor.  Terahertz electrical currents are produced for this antenna when an optical pump beam with terahertz frequency components is focused on the ultrafast photoconductor.  This beam generates photocarriers at a rate proportional to the envelope of the optical pump.  With the application of a bias electric field, the photocarriers drift toward the contact electrodes, feeding the antenna and generating terahertz radiation.

2.1.1. LAB MEDIA: Interview1 (Video editor: I have requested unflattened files for Interview[1,2].  In some way highlight the gold angular pieces on “terahertz antenna” and the rectangular platform on “ultrafast photoconductor.”  Highlight (or introduce) the red “optical pump” beam on “Terahertz electrical...”  Highlight “Ebias” in the inset on “...bias electric field...”  Highlight (or introduce) the blue “terahertz radiation” at the bottom of the figure on “...generating terahertz radiation.”)

2.2. The main advantage of plasmonic over conventional photoconductive terahertz emitters is that they allow the accumulation of a much larger number of photo-generated carriers in close proximity to the plasmonic contact electrodes.  These carriers can then drift to the terahertz antenna within a sub-picosecond time scale. Plasmonic contact electrodes achieve this greater carrier accumulation because they allow the confinement of light in nanoscale device active regions, and offer extraordinary light enhancement at the metal contact and photo-absorbing semiconductor interface.

2.2.1. LAB MEDIA: Interview2  (Video editor:  If possible, please highlight the blue particles that are just beneath the gold contacts on “...the accumulation of...”; end highlighting by end of “...sub-picosecond time scale.”)
2.3. To implement a plasmonic photoconductive terahertz emitter (TEXT: See manuscript for details of fabrication), first pattern the nano-scale plasmonic contact electrodes using electron-beam lithography followed by metal deposition and lift-off. Next, deposit a silicon dioxide passivation layer using plasma enhanced chemical vapor deposition. Etch contact vias through the silicon dioxide layer using optical photolithography and dry plasma etching. Finally, pattern the antennas and bias lines using optical lithography, followed by metal deposition and liftoff. 

2.3.1. LAB MEDIA: Graphic or microscopy image of result of lithography, deposition and lift-off.  (Video editor: Show during first sentence)

2.3.2. LAB MEDIA: Graphic or microscopy image showing addition of passivation layer

2.3.3. LAB MEDIA: Graphic or microscopy image showing addition of contact vias

2.3.4. LAB MEDIA: Graphic or microscopy image showing final structure
3. Plasmonic photoconductive emitter characterization
3.1. After fabricating the plasmonic grating, it must be packaged and characterized.  The devices are mounted on a silicon lens that is attached to an aluminum washer, (TEXT: See manuscript for details of packaging) and then placed on a rotation mount. Tightly focus the optical pump beam from a titanium-sapphire mode-locked laser onto the active area of the device.  Adjust the rotation mount so that the electric field of the optical pump is perpendicular to the plasmonic gratings for efficient excitation of surface plasmon waves.

3.1.1. WIDE: Talent approaching bench where experiment is to be done and beginning to work

3.1.2. CU: Washer with device and lens mounted in rotation mount

3.1.3. MED (or WIDE): Talent placing mounted washer in optical path

3.1.4. MED: BENCH Talent manipulating optics to focus pump beam

3.1.5. MED: BENCH Talent going from focusing beam to adjusting rotation mount

3.2. Now, use the parametric analyzer to simultaneously apply a bias voltage to the device and measure its induced electrical current.  Ensure the optimum pump alignment and polarization by maximizing the photocurrent of the device.

“3.2.1 Part 1” : MED: Talent adjusting rotation mount 

“3.2.1 Part 1 Variation 1” : MED: Talent optimizes device alignment with computer controlled XYZ stage.
“3.2.1 Part 2” : SCREEN: Variation of photocurrent of device as alignment is changed; please go from imperfectly aligned to more perfectly aligned.
3.3. To measure the output power, use an optical chopper to modulate the beam from the mode-locked pump laser incident on the device.   Connect the output of a pyroelectric detector to a lock-in amplifier using the optical chopper's reference frequency.  Use the pyroelectric detector to measure the output power of the plasmonic terahertz emitter prototype. 
3.3.1. WIDE: Talent placing/adjusting the optical chopper, then moving to make/check connection between detector and emitter.
3.3.2. MED: Talent monitoring/measuring power from emitter

3.4. Begin spectral characterization by taking the beam from a titanium-sapphire mode-locked laser and employing a beam splitter to split it into a pump beam and a probe beam.  Modulate the beam in the pump path with an electro-optic modulator.  Focus the pump beam onto the active area of the emitter under test to generate terahertz radiation.

3.4.1. MED: BENCH Talent adjusting/indicating (in some way highlighting) the beam splitter

3.4.2. MED: BENCH  Talent adjusting/pointing out the modulator.

3.4.3. MED: BENCH  Talent should indicate the emitter, adjust lenses

3.5. Collimate and focus the generated terahertz beam using a pair of polyethylene spherical lenses. At a point before the focal plane of the terahertz beam, combine it with the optical probe beam using an indium tin oxide coated glass filter.

3.5.1. MED: BENCH  Talent indicating spherical lenses

3.5.2. MED: BENCH  Talent indicating filter

3.6. Mount a 1 mm thick, zinc telluride crystal on a rotation stage; place this at the combined focus of the optical and terahertz beam.  To vary the time delay between the optical and terahertz pulses interacting in the zinc telluride crystal, insert a controllable optical delay line in the optical probe path by using a motorized linear stage.

3.6.1. MED: BENCH Talent adjusting crystal on rotation stage

3.6.2. MED: BENCH  Talent placing/adjusting/indicating motorized linear stage

3.7. Use a half-wave plate in the probe beam path to rotate the polarization of the optical probe to be at 45º relative to the terahertz polarization direction.  Next, use a quarter-wave plate after the zinc telluride crystal to convert the optical beam polarization into circular polarization.  Then, split the circularly polarized optical beam into two branches with a Wollaston prism.

3.7.1. MED: BENCH Talent indicating/placing/adjusting half-wave plate (Comment: Slated as 3.7.1 (Real))
3.7.2. MED: BENCH Talent indicating/adjusting quarter-wave plate, and then the prism (Comment: Mistakenly slated as 3.7.1, as noted later in the video)
3.8. Measure the optical beam power in each branch using two balanced detectors connected to a lock-in amplifier.  For experiment control and data collection, connect the motorized delay line and lock-in amplifier to a computer programmed to iteratively move the motorized delay line, pause, and read data from the lock-in amplifier.  

3.8.1. MED: BENCH Talent indicating balanced detectors
3.8.2. SCREEN: Data displayed on computer as it is being collected
4. Results: Comparison of conventional and plasmonic photoconductive terahertz emitters
4.1. Shown here are examples of the conventional, left, and plasmonic, right, emitters that were fabricated and tested.  The difference is the plasmonic emitter incorporates two nanoscale plasmonic contact gratings in the input port of the bow-tie antenna, as shown on the inset at right.  The incident optical pump was tightly focused on each fabricated device and positioned near the anode contact electrode to maximize radiated power.  The orientation of the optical electric field for each device was also chosen to maximize the radiated power.

4.1.1. LAB MEDIA: Fig.2a.tif  (Video editor: Please highlight the left and right images when voiced.  Also, if possible, on “..two nanoscale plasmonic...” highlight the two rectangular regions in the right image that are close to one another–one of them includes the yellow dot, the other is its mirror image.  Remove highlight and introduce  or highlight the inset on “...as shown on the inset...”   Next, point to the yellow dots on both the left and right images on “The incident optical pump...”  Remove arrows and  highlight in some way the arrows and word Epump on each image on “The orientation...”)

4.2. Shown in blue is the measured terahertz radiation power from the plasmonic terahertz emitter as a function of optical pump power; the red curve is for the conventional emitter. Note the vertical axis in logarithmic.  The inset uses the same color scheme to show the photocurrent as a function of the optical pump power.  The significant radiation power enhancement is due to the higher photocurrent levels generated when employing plasmonic contact electrodes. 

4.2.1. LAB MEDIA: Fig.2b.tif  

4.3. Here the measured terahertz radiation power is plotted versus the collected photocurrent for various bias voltages and optical pump powers. Again, blue corresponds to the plasmonic emitter, red to the conventional emitter.  The data points are all curve-fitted to the same line with a slope of 2.  This confirms the quadratic dependence of the radiation power on the induced photocurrent, and the fact that all operational conditions and antenna properties are the same for the two emitters. 

4.3.1. LAB MEDIA: Fig.2c.tif

4.4. The terahertz power enhancement, defined as the ratio of the terahertz power emitted by the plasmonic terahertz emitter to the conventional terahertz emitter, is shown here as a function of the bias voltage for different optical pump power levels.  At low optical pump power levels and a bias voltage of 30 V, output power enhancement factors up to 50 are observed.  The enhancement factor decreases slightly at higher optical pump power levels and higher voltages.  This can be explained by the carrier screening effect, which should affect the plasmonic photoconductor more, since it is generating more photocurrent and separating a larger number of electron-hole pairs.  

4.4.1. LAB MEDIA: Fig.2d.tif (Video editor:  Please highlight the highest blue point in the plot on “At low optical pump power levels...”; remove highlighting at end of sentence. Place a box around all the curves at some point to the right of the highest blue point on “The enhancement factor decreases...”; remove at the end of the sentence.)

4.5. This plot shows the radiated power in the time domain from the plasmonic photoconductive emitter.  It was measured in response to a 200 fs optical pulse from a mode-locked titanium sapphire laser with 800 nm central wavelength and 76 MHz repetition rate.  The radiated power in the frequency domain shows peaks around 0.35 THz and 0.55 THz that are associated with the resonance peaks of the bow-tie antenna.  The peak around 0.1 THz is associated with the resonance peak of the dipole antenna formed by the bow-time antenna bias lines.

4.5.1. LAB MEDIA: Fig.3a.tif (Video editor: Please show alone until “The radiated power in the frequency domain...”, then add Figure 3b on the right)

4.5.2. LAB MEDIA: Fig.3b.tif (Video editor: Point to the peaks at 0.35 and 0.55 when voiced.  Point to the peak at 0.1 when voiced.)
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
5. 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.
5.1. Author name Mona Jarrahi: In this video, we present a novel photoconductive terahertz generation technique that uses a plasmonic contact electrode configuration to enhance the optical-to-terahertz conversion efficiency by two orders of magnitude. The significant increase in the terahertz radiation power from the presented plasmonic photoconductive emitters is very valuable for future high-sensitivity terahertz imaging, spectroscopy and spectrometry systems used for advanced chemical identification, medical imaging, biological sensing, astronomy, atmospheric sensing, security screening, and material characterization.
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.  

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


