Submission ID #: 50114

Editor Name: Pallavi R. Devchand
Videographer name: Francisco Mallo
Film Date: 9 October, 2012

Authors and Affiliations: James P. Grant1, Iain J.H. McCrindle1, David R.S. Cumming1

1School of Engineering, University of Glasgow, United Kingdom

Title: Simulation, Fabrication and Characterisation of THz Metamaterial Absorbers

Corresponding Author: david.cummming.2@glasgow.ac.uk
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) _____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)___No_____ 

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

2.2

2.6
2.13
2.15
2.16
3.6
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  ______________________________

2.13 – Development of electron beam resist. To ensure success always develop the resist at the same temperature to within 0.2oC for the same time i.e. be consistent.
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 simulate, fabricate and characterize a terahertz metamaterial absorber structure (Intro). First perform simulations to establish the optimum metamaterial absorber design (P1). Then fabricate this optimized design (P2). Next evaluate the experimental performance of the absorber using Fourier Transform InfraRed spectroscopy (P3). The resulting single band, dual band and broadband terahetz metamaterial absorber devices are capable of greater than 80% absorption at the resonance peak (P4) and, when coupled with an appropriate sensor, have applications in terahertz imaging and spectroscopy (P5).
P1 animate the black arrow as a pulse of light incident on the cross structure 
P2 Animate the yellow electronic beam to draw out (trace) the cross.

P3 Animate black line (source beam) to strike the yellow sample and then off to the detector.
P4 LAB MEDIA: LAB MEDIA: 50114_DavidCumming_Figure5a3.tif 
P5 LAB MEDIA: Figure 7
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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: The main advantage of this procedure over existing methods, like __________, is that ___________.   

1.2. DAVID CUMMING: This method can help solve unresolved issues in the field of terahertz science and technology, such as the lack of portable, inexpensive and compact detectors Integrating a terahertz metamaterial absorber with a suitable sensing element such as a micro-bolometer and scaling to large array sizes could lead to the development of cameras in THz imaging systems.   

1.3. JAMES GRANT: The implications of this technique extend toward the rapid design, simulation, fabrication and characterization of prototype terahertz metamaterial devices.
1.4. IAIN MCCRINDLE: Not only does this method demonstrate how to fabricate a THz metamaterial absorber it can also be applied to the design and fabrication of other metamaterial devices and components such as filters, modulators, perfect lenses and invisibility cloaks.
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. Fabrication of a Single Band THz Metamaterial Absorber

2.1. Follow the simulation section in the journal article protocol to design a metamaterial absorber with the desired absorption spectrum characteristics.
2.1.1. WIDE/MED: Talent evaluates a metamaterial absorber design on computer screen.

2.2. Clean the silicon [Text over video: 15 mm by 15 mm] in sequential solutions of opticlear, acetone and ispopropanol.  First immerse in 50oC of the solvent for 10 minutes, and then subject to ultrasonic agitation. 

2.2.1. MED/CU: Talent approaches workbench with silicon (show opticlear, acetone and ispopropanol solutions in background)
2.2.2. ECU: Talent immerses silicon in 50oC beaker of the silicon solvent
2.2.3. MED/CU: Talent places silicon in beaker for ultrasonic agitation. 

2.3. Next, evaporate a metal bi-layer of titanium and gold [Text over video: 20nm/100 nm Ti/Au] onto the silicon using an electron beam evaporator. Note that the metal thickness must be greater than the skin depth at the desired operating frequency.

2.3.1. MED: Talent evaporates a metal bi-layer of titanium and gold onto the silicon using a Plassys 450 MEB electron beam evaporator.

2.3.2. CU: (CU of above) Talent evaporates a metal bi-layer of titanium and gold onto the silicon using a Plassys 450 MEB electron beam evaporator.
2.4. After cleaning in solvents as described earlier, pipette VM651 primer onto the sample and leave it to relax for 20 seconds. 

2.4.1. MED/: Talent pipettes VM651 primer onto the sample
2.4.1.1 CU of the above 

2.4.2. CU: Talent sets timer for 20 seconds. 

2.5. Then spin the sample at 4000 rpm for 5 seconds, and bake on a contact hotplate at 120oC for 60 seconds.

2.5.1. MED: Talent spins the sample at 4000 rpm for 5 seconds. (Video Editor:  both shot 2.4.1 and 2.4.1.1 contain footage of the requested shot, 2.5.1. They may also contain the action for 2.5.2.)
2.5.2. CU: Talent places sample on a contact hotplate at 120oC.

2.6. Pipette the polyimide onto the sample and leave to relax for 20 seconds. 

2.6.1. CU/ECU: Talent pipettes the polyimide (get reagent label: Dupont PI2545) onto the sample 
2.6.2. Use 2.4.2.  CU: Talent sets timer for 20 seconds. Use 2.4.2 

2.7. Talent: Remember to allow the polyimide to reach room temperature after removal from the freezer, in order to maintain the film properties over time. 

2.7.1. Interview style.

2.8. Spin the sample, first at 500 rpm for 5 seconds with an acceleration of 100 rpms-1 and ramp to 6000 rpm, with an acceleration of 500 rpms-1, for 60 seconds. 
2.8.1. MED: Talent sets instrument at 500 rpm for 5 seconds with an acceleration of 100 rpms-1. Talent sets ramp to 6000 rpm, with an acceleration of 500 rpms-1, for 60 seconds
2.8.2. CU: sample spinning (Author’s comment: “This is a nice shot!”)
2.9. Then bake the sample on a contact hotplate at 140oC for 5 minutes. For a thicker polyimide film, spin multiple layers or reduce the final spin speed. Cure the polyimide on a contact hotplate at 220oC for 10 minutes. 
2.9.1. MED: Talent places the sample on a contact hotplate at 140oC. Set timer 4 mins.
2.9.2. ECU: Talent adds another layer of polyimide film.

2.9.3. MED-over-the-shoulder: Talent cures the polyimide on a contact hotplate at 220oC. Set timer 10 mins 

2.10. Next, deposit 15% 2010 PMMA onto the sample. Spin at 5000 rpm for 60 seconds. Remove any excess resist that has crept on to the backside of the sample using acetone.  Then bake in a convection oven at 180oC for 30 minutes.

2.10.1. CU: Talent deposits 15% 2010 PMMA onto the sample. 

2.10.2. MED: Talent spins sample at 5000 rpm for 60 seconds. 
2.10.2.1 MED shot of the above
2.10.3. ECU: Talent removes any excess resist that has crept on to the backside of the sample using acetone.  (Video editor: This may not have been shot, author’s notes are unclear)
2.10.4. MED/CU: Talent places sample in a convection oven (show settings 180oC, 30 minutes). All in one shot with 2.11.2
2.11. Once the sample has cooled to room temperature, deposit 4% 2041 PMMA onto the sample. Spin and bake as shown earlier. 

2.11.1. Use 2.10.1. ECU: Talent deposits 4% 2041 PMMA onto the sample. 

2.11.2. CU: Talent removes sample from oven. All in one shot with 2.10.4
2.12. Now design the job file in Tanner L-Edit, fracture into polygons by Layout Beamer, and finally submit to the beam writer using the Java based BELLE software. Write the desired job using a dose of 450 C/cm2  on the Vistec VB6 electron beam writer. 

2.12.1. MED: Talent opens a job file in Tanner L-Edit.

2.12.2. SCREEN: Talent fractures into polygons by Layout Beamer 

2.12.3. SCREEN: Talent opens Java based BELLE software. 

2.12.4. SCREEN: Talent writes the desired job using a dose of  450 C/cm2  on the Vistec VB6 electron beam writer. See footage contained in 2.12.3
2.13. Next, develop the sample in a solution of 1:1 MIBK:IPA at 23oC for 60 seconds. Rinse in isopropanol. Then inspect for pattern fidelity on an optical microscope. 

2.13.1. MED/CU: Talent dips the sample in a solution of 1:1 MIBK:IPA at 23oC. All in one shot with 2.13.2 and 2.13.3 

2.13.2. ECU: Talent sets timer for 60 seconds. All in one shot with 2.13.1 and 2.13.3 

2.13.3. CU: Talent rinses the sample in isopropanol. All in one shot with 2.13.1 and 2.13.2 

2.13.4. MED: Talent inspects for pattern fidelity on an optical microscope. 

2.14. Talent: If features are poorly resolved strip the resist in opticlear, acetone and isopropanol and start again.

2.14.1. Interview style.

2.15. De-scum the sample with oxygen using a Gala Plasmaprep barrel asher. Then evaporate 20 nm Titanium and 150 nm Gold using an electron beam evaporator.
2.15.1. MED-over-the-shoulder/CU: Talent de-scums the sample with oxygen using a Gala Plasmaprep5 barrel asher (show settings 1 minute at 0.2 mbar and 50 W RF power).
2.15.1.2 CU of RF power

2.15.1.3 CU of timer

2.15.1.4 CU of pressure indicator

2.15.1.5 CU of chamber 

2.15.2. MED/CU: Talent uses Plassys 450 MEB to evaporate 20 nm Titanium and 150 nm Gold. Use same shot as either 2.3.1 or 2.3.2
2.16. Insert the sample into a beaker of warm acetone and heat to 50oC in a water bath for 4 hours. Using a pipette, wash the sample liberally with the warm acetone. 

2.16.1. CU: Talent inserts the sample into a beaker of warm acetone 

2.16.2. CU: Talent places beaker in 50oC water bath.

2.16.3. ECU: Talent washes the sample with the warm acetone, using a pipette. Use 2.17.1 or 2.17.1.2. You want the footage where the metal starts floating off the sample as the talent squirts acetone using the pipette onto the sample. 

2.17. Now inspect the sample by eye, for metal lifting off from the areas where the PMMA was present. If the lift-off is progressing slowly place beaker in the ultrasonic water bath for 2 minutes. Finally, inspect the sample under the optical microscope.

2.17.1.  CU: Talent inspects the sample by eye, for metal lifting off from the areas where the PMMA was present. 
2.17.1.2 Med shot of the above
2.17.2. CU: Talent places the beaker with sample in the ultrasonic water bath for 2 minutes. 

2.17.3. Use 2.13.4 MED/CU: Talent inspects the sample under the optical microscope.

3. Characterisation of a Single Band THz Metamaterial Absorber

3.1. Turn on the nitrogen supply to the Fourier Transform Infra Red spectrometer. Press the “FIR” button on the front of the spectrometer control unit to turn on the Hg arc lamp [Text over video: 15 mins]. Insert the 6 micron multilayer beam splitter into the appropriate slot in the interferometer unit.

3.1.1. WIDE/MED: Talent turns on the nitrogen supply to the Fourier Transform Infra Red spectrometer. (get good shot of instrument)

3.1.1.1 CU of opening nitrogen valve

3.1.1.2 CU of LED going green on the equipment.

3.1.2. CU: Talent presses the “FIR” button on the front of the spectrometer control unit to turn on the Hg arc lamp.

3.1.3. CU: Talent inserts the 6 micron multilayer beam splitter into the appropriate slot in the interferometer unit.

3.1.3.1 ECU of the above

3.2. Next, vent the sample compartment of the spectrometer and insert the PIKE 30o reflection unit. Place the 7 mm aperture on top of the reflection unit aperture, and on top of this put a gold mirror. Now evacuate the sample compartment to a pressure of 5 mbar. 

3.2.1. MED: Talent vents the sample compartment of the spectrometer
3.2.1.1 ECU of the above 

3.2.2. CU/ECU: Talent inserts the PIKE 30o reflection unit. 

3.2.3. ECU: Talent places the 10 mm aperture on top of the reflection unit aperture, and on top of this put a gold mirror. 

3.2.4. MED/CU: Talent evacuates the sample compartment to a pressure of 5 mbar. 

3.3. Start the OPUS software and load the configuration file for taking measurements in the 30 to 300 cm-1 range [Text over video: 1-9THz]. 

3.3.1. SCREEN: Talent starts the OPUS software and loads the configuration file for taking measurements in the 30 to 300 cm-1 range.

3.4. Ensure the LED on the front of the detector compartment is flashing green, indicating that the scanner is operating. Check that the shape of the interferogram is as expected.

3.4.1. Use 3.1.1.2.  MED/CU: Talent indicates the LED on the front of the detector compartment is flashing green.

3.4.2. SCREEN: Talent monitors the shape of the interferogram.

3.5. Run 100 background scans to obtain the background spectrum.

3.5.1. SCREEN: Talent starts to run a 100 background scans for thebackground spectrum.

3.6. Vent the sample compartment, remove the mirror and place the sample face down onto the aperture. Ensure the centre of the sample is in the middle of the aperture, and then evacuate the sample compartment.

3.6.1. CU: Talent vents the sample compartment, removes the mirror and places the sample face down onto the aperture. 

3.6.1.1 MED of the above

3.6.2. ECU: Talent ensures the centre of the sample is in the middle of the aperture, 

3.6.3. MED: Talent evacuates the sample compartment.

3.7. Next, run 1000 sample scans to obtain the sample spectrum. The software automatically compares the sample spectrum with the background and the true reflection spectrum of the sample is displayed on screen. 
3.7.1. SCREEN: Talent starts run of 1000 sample scans to obtain the sample spectrum. 

3.7.2. SCREEN: Talent converts the data from the completed scans into a text files to analyze offline.

3.7.3. SCREEN: The software automatically compares the sample spectrum with the background and the true reflection spectrum of the sample is displayed on screen. 
4. Results: Single band and broadband THz MM absorbers
4.1. These figures show absorption spectra for a metamaterial absorber with a 3.1m thick polyimide dielectric spacer. 

4.1.1. LAB MEDIA: 50114_DavidCumming_Figure5a.tif 
4.2. The 7.5 m thick polyimide sample with no electric ring resonator structure has a maximum resonance frequency absorption of 5 % across the frequency range of interest. The experimental data shows a resonance peak at 2.12 THz of 77% absorption magnitude.
4.2.1. LAB MEDIA: 50114_DavidCumming_Figure5a1.tif 

4.2.2. LAB MEDIA: 50114_DavidCumming_Figure5a2.tif 

4.3. This result is in excellent agreement with the simulated absorption maximum of 81% at 2.12 THz.
4.3.1. LAB MEDIA: 50114_DavidCumming_Figure5a3.tif 
4.4. Here, data are generated from MM absorbers with the same ERR geometry for different polyimide thicknesses ranging from 1 to 7.5 m and for an absorber where the dielectric is 3 m of SiO2. 
4.4.1. LAB MEDIA: 50114_DavidCumming_Figure5b.tif 

4.5. As the polyimide thickness increases from 1 µm to 3.1 m the peak absorption increases. But at polyimide thicknesses greater than 3.1 m there is a slight reduction in the peak absorption value. 
4.5.1. LAB MEDIA: 50114_DavidCumming_Figure5b1.tif, 

4.5.2. LAB MEDIA:  50114_DavidCumming_Figure5b2.tif 
4.6. A distinct red-shift of 0.25 THz is observed as the polyimide thickness increases from 1 m to 7.5 m. 
4.6.1. LAB MEDIA: 50114_DavidCumming_Figure5b3.tif 
4.7. The effective permittivity and permeability can be extracted from the simulated data via inversion of the S parameters, as shown here for the simulated MM absorber with a 3.1m thick polyimide spacer.

4.7.1. LAB MEDIA: 50114_DavidCumming_Figure5c1.tif
4.8. The real parts of the optical constants cross close to zero – a condition required for zero reflection.

4.8.1. LAB MEDIA: 50114_DavidCumming_Figure5c2.tif

4.9. At the frequency of maximum absorption, there is a peak of the imaginary component of the permeability implying high absorption. 
4.9.1. LAB MEDIA: 50114_DavidCumming_Figure5c3.tif
4.10. Lumerical FDTD can also be used to establish the location of the absorption within the MM structure. 

4.10.1. LAB MEDIA: 50114_DavidCumming_Figure6.tif
4.11. These plots clearly demonstrate that the majority of the energy is dissipated as Ohmic loss in the ERR layer and as dielectric loss in the first 500 nm of polyimide below this layer. 

4.11.1. LAB MEDIA: 50114_DavidCumming_Figure6.tif
4.12. Several applications, such as Terahertz spectroscopy, require sensors that exhibit broadband THz absorption. We have developed two strategies to realize such broadband absorption.
4.12.1. LAB MEDIA: 50114_DavidCumming_Figure7.tif
4.13. The first strategy stacks alternating layers of metallic ERRs and dielectric layers on top of a continuous ground plane.
4.13.1. LAB MEDIA: 50114_DavidCumming_Figure7a.tif
4.14. In different layers, crosses of differing lengths support several resonant modes closely positioned together in the absorption spectrum.

4.14.1. LAB MEDIA: 50114_DavidCumming_Figure7a1.tif
4.15. By tuning the dielectric thickness, the multi-layer structure can be impedance-matched to free space at each resonant frequency and broadband absorption obtained.

4.15.1. LAB MEDIA: 50114_DavidCumming_Figure7b.tif
4.16. Then a standard electron beam registration process is used to align the ERRs on top of one another.

4.16.1. LAB MEDIA: 50114_DavidCumming_Figure7c.tif
4.17. In a second strategy, four ERRs incorporated into a four “colour” super-pixel are designed onto a single dielectric layer. Such a device is much simpler to fabricate than the multi-layer absorber.

4.17.1. LAB MEDIA: 50114_DavidCumming_Figure7d.tif
4.18. This plot shows absorption spectrum and simulated data for a multi-layer MM absorber of indicated dimensions. 

4.18.1. LAB MEDIA: 50114_DavidCumming_Figure8a.tif 
4.19. The one layer structure has a single resonance peak at 5.42 THz where 78 % of the EM radiation is absorbed. 

4.19.1. LAB MEDIA: 50114_DavidCumming_Figure8a1.tif
4.20. In contrast, the 3-layer device has three closely position resonant peaks with a wide frequency band from 4.08 THz to 5.94 THz, where the absorption is greater than 60 %. 

4.20.1. LAB MEDIA: 50114_DavidCumming_Figure8a2.tif
4.21. To understand the origin of the spectral characteristics the simulated absorption distributions in the x-z plane of the three resonances are plotted. These distributions clearly reveal that each ERR contributes to the broadband absorption.

4.21.1. LAB MEDIA: 50114_DavidCumming_Figure9.tif
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. JAMES GRANT: Once mastered, this technique can be done in less than 48 hours if it is performed properly.

5.2. IAIN MCCRINDLE: While attempting this procedure, it’s important to remember to be methodical and consistent when performing the fabrication steps.

5.3. DAVID CUMMING: After watching this video, you should have a good understanding of how to simulate, fabricate and characterise not only THz metamaterial absorbers but other metamaterial components and 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.  

The images are described in section 4.2 above.
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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