Submission ID #: 53630
Editor: Steven Nilsen
Videographer: TBD
Film Date: TBD

Authors and Affiliations: 
Thomas Bourgade1, Sun Jianfei1, Zhaomin Wang1, Rosmin Elsa2, Anand K. Asundi1,2

1. School of Mechanical and Aerospace Engineering, Center of Laser and Optical Engineering, Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore; 2. d’Optron Pte Ltd, Singapore

Title: Compact Lens-less Digital Holographic Microscope for MEMS Inspection and Characterization

Corresponding Author: 
Thomas Bourgade
tbourgade@gmail.com

Co-authors:
jfsun@ntu.edu.sg 
38505603@qq.com
elzaroz@gmail.com
anand.asundi@pmail.ntu.edu.sg

A.	i) Does your protocol involve microscopy, such as filming a complex dissection or a microinjection technique, which will need to be filmed by JoVE? (Y/N) _N__ 
	ii) Can you can record video of the microscope’s field of view using your own camera? (Y/N) _Y__
	iii) Is the microscope’s field of view shown on a computer? (Y/N) _Y__  
B.	Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) _Y____ 
	(If yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps.)
C.	Which steps of your protocol will viewers benefit most from having filmed?  
	1.3    2.2)      3.2)  3.4) 4.1)  italics
D.	What is the single most difficult aspect of this procedure and what do you do to ensure success?
	3.4)  3.5) italic and underlined
To ensure that  we find the good axial position, we have replaced the motorized stage using a manual and more precise one. 
E.	i) Will the filming need to take place in multiple locations? (Y/N) __N_ 

1. Introduction 

A. Experimental Goal (read by voice talent at JoVE):  

The overall goal of this procedure is to test micro-electro-mechanical structures to be used in static and dynamic applications using optical full field measurements with computational and experimental techniques. (Intro)

B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Thomas Bourgade: This method can help answer key questions in the semi-conductor industry and more specifically for Micro-electro-mechanical system inspection, such as the characterization of the mechanical properties of MEMS structures at different stages of manufacturing.
1.2. Thomas Bourgade: The main advantage of this technique is that it is non-contact, full field, real time, high resolution and provides a fully quantitative three dimensional map of the reflective object.  The systems uses no lenses and hence has been made very compact. 
1.3. Rosmin Elsa: Though this method can provide insight into MEMS characterization, it can also be used for wafer inspection or optics roughness testing. If set up in transparent geometry, is also possible to inspect micro-optics and diffractive optics or even used for Bio-imaging.


Protocol (read by voice talent at JoVE):

2. Preparations
2.1. This procedure uses a Compact Digital Holographic Microscope, or CDHM, [2.1.1-WID] to characterize a micro-electro-mechanical-system, or MEMS device. [2.1.2-MES] [2.1.3-LM]
2.1.1. talent arrives to the CDHM with sample
2.1.2. pan over CDHM
2.1.3. CDH-3D.pdf – this may fit in neatly here
2.2. For this demonstration, an 11 square mm silicon wafer with [2.2.1-ECU] square gold electrodes positioned every 0.25 mm will be characterized.  [2.2.2-SCOPE/LM]
2.2.1. tight view of object described, a wide field SCOPE shot could also be used
2.2.2. *To be provided by Authors-microscope's view of electrodes on object
2.3. Using tweezers, place the MEMS sample on the sample holder. [2.2.1-CU] Adjust the sample holder so that the laser beam targets the electrodes.  [2.2.2-ECU/CU]  The largest possible field of view is limited by the camera sensor and, in this case, is 4.5 by 3.3 cm. [2.2.3-SCOPE/LM]
2.3.1. film as written
2.3.2. show laser beam reflection on sample holder, as holder is adjusted into position
2.3.3. *To be provided by Authors; the FOV of the camera, a static image can be used, but a moving image is preferred
2.4. Vertically position the system about 1.5 cm from the sample [2.6.1-CU] and proceed with setting up the 3DView software.  [2.6.2-MED]
2.4.1. adjust vertical position of system to be 1.5 cm from sample
2.4.2. talent adjust to work with computer and opens software if needed
2.5. This package is non-commercial and was developed in C-plus-plus.  [LM]
2.5.1. 2.5_ScreenCapture1.avi 
2.6. Begin with clicking on the green box icon to select the Video imaging device. Choose the DMx 41BU02 imaging source camera in the drop down menu. [LM]
2.6.1. 2.6_ScreenCapture2.avi 
2.7. Next, under the device settings, select the Y800 video format option and set the capture rate to 15 frames per second.
2.7.1. 2.7_ScreenCapture3.avi 
2.8. Press OK and start the camera using the yellow play button.  A live video image of the sample should appear.  The displayed image should be a defocus image of the sample.  Adjust the exposure time and contrast of the image if needed. [LM] [LM]
2.8.1. 2.8-1_ScreenCapture4.avi 
2.8.2. 2.8-2_ScreenCapture5.avi 
2.9. Now, center the sample as best as possible and access the settings options. There, set the system type to reflection or transmission, check that the wavelength of the laser is set to 633 nm, the pixel size of the camera to 4650 nm and the magnification is times 2. [LM]
2.9.1. 2.9_ScreenCapture6.avi, TEXT: 633 nm wavelength, 4650 nm pixels, x2.
2.10. Next, select the convolution reconstruction algorithm and set the reconstruction distance to 100 mm and the reconstruction step to one.  The reconstruction distance can be adjusted later to adjust the image intensity, while the step parameter indicates how many times the Fresnel integration is evaluated to simulate the beam propagation.  [LM]
2.10.1. 2.10_ScreenCapture7.avi 
2.11. Lastly, under the post-processing options, set the unwrapping algorithm to the quality mapped option. Make sure that the intensity filter and phase filter options are set to “None”. Then press OK. [LM]
2.11.1. 2.11_ScreenCapture8.avi 
3. Data Acquisition
3.1. Begin with accessing the 3DView software and opening the Fourier spectrum window.  [MED]
3.1.1. the talent working with the software as described
3.2. If one zero order and two plus-one, minus-one order spectrums do not appear, check that the sample is placed below the red laser beam. The laser reflection can easily be seen from the sample.  [LM] 
3.2.1. 3.1_ ScreenCapture9.avi – Software video shoot for step 3.1
3.3. Now, stop the live measurement mode and select one of the diffracted orders using the filter tool.  Select an area large enough to encompass all the frequencies needed for the phase retrieval. Select the SET option to apply the filter. Then, re-start the live measurement mode.  [LM] 
3.3.1. 3.3_ ScreenCapture10.avi – Software video shoot for step 3.3
3.4. With the selection made and imaging live, open the phase window and make sure that the unwrapped mode is not enabled.    [LM] 
3.4.1. 3.4_ ScreenCapture11.avi – Software video shoot for step 3.4
3.5. Next, adjust the vertical stage [3.5.1-CU] to reduce the number of fringes in the phase image, so only one or two fringes remain.  Let the system adjust after each stage movement.
3.5.1. Adjusting stage height manually
3.5.2. 3.5_ ScreenCapture12.avi – Software video shoot for step 3.5
3.6. To find the best reconstruction distance, use the auto-focus option.  Several re-focus steps may be needed to get to the optimal reconstruction distance.  Ultimately the image should become sharp and clear.  Fine focus adjustments can be made using the focus slider bar if the auto-focus is not providing the best result. For very fine focus adjustments the reconstruction step can be changed in the settings.   [LM] 
3.6.1. 3.6_ ScreenCapture13.avi – Software video shoot for step 3.6
3.7. With the image prepared, enable the unwrapped mode to see the unwrapped phase image.   [LM] 
3.7.1. 3.7_ ScreenCapture14.avi – Software video shoot for step 3.7
4. Data Analysis for Static Measurements
4.1. In the 3DView software [4.1.1-MED] open the 3D image window to see the final image of sample and use the available image adjustments to observe the result. [4.1.2-LM]
4.1.1. establish talent working with computer
4.1.2. 4.1_ ScreenCapture15.avi – Software video shoot for step 4.1
4.2. On the unwrapped phase image select the ruler icon and draw a line on an area of interest to get a cross sectional plot in the line plot window. Now, in the line plot window, use the two green line markers to get an approximate height of the object.  [LM] 
4.2.1. 4.2_ ScreenCapture16.avi – Software video shoot for step 4.2
4.3. To arrange the windows for simultaneous viewing, select the tile windows option.   [LM] 
4.3.1. 4.3_ ScreenCapture17.avi – Software video shoot for step 4.3
4.4. [bookmark: _GoBack]Surface roughness can also be calculated on the flat part of the sample, using MATLAB software.  [LM] 
4.4.1. 4.4_ ScreenCapture18.avi – Software video shoot for step 4.4
4.5. Save the final phase image as a Bitmap for further viewing in other software.  [LM] 
4.5.1. 4.5_ ScreenCapture19.avi – Software video shoot for step 4.5
5. Sample Preparation and Data Analysis for Dynamic Measurements
5.1. To prepare the sample for dynamic analysis, [5.1.1-WID] position it on the sample stage for analysis. [5.1.2-MED]  In this case the sample is a micro-diaphragm. [5.1.3-ECU]
5.1.1. establish the setting
5.1.2. placing the sample on the stage
5.1.3. detailed view of sample
5.2. Connect the sample electrodes to the crocodile clips of the generator. [CU]
5.2.1. film as written
5.3. Following the described procedures, [5.3.1-MED] record a hologram of the micro-diaphragm at the ambient temperature for reference. Click on the Delta icon to remove the initial phase and thus only observe deformation. [5.3.2-LM]
5.3.1. Talent accesses software
5.3.2. 5.3_ ScreenCapture20.avi – Software video shoot for step 5.3
5.4. Then, turn on the DC generator and gradually increase the Voltage from 0 to 12 Volts [5.4.1-MED], taking phase map images at every one Volt increment. [LM]
5.4.1. Talent increases the voltage on the generator.
5.4.2. 5.4_ ScreenCapture21.avi – Software video shoot for step 5.4. Live deformation of the diaphragm
5.5. Later, using a simple MATLAB code, plot the different phase map deformations into one graph to better observe the total deformation and characterize the MEMS deformation to electrical loading.  [LM]
5.5.1.  5.5_DeformationGraph.tif 
6. Results: CDHM Compared to Atomic Force Microscopy and Other Results 
6.1. A CDHM system was used to characterize a MEMS device, as described, using a mono-mode fiber coupled to a diode laser operating at a 633 nm wavelength.  The object beam and reference beam path were matched to obtain a hologram image of the MEMS device.  The yellow line represents the cross section location on the sample and the two green marker lines were used to estimate the sample height.
6.1.1. Fig 4A
6.2. To validate the results of the digital holographic system, an atomic force microscope was used to measure the same structure.  A height difference of 2.1 nanometers was found between the atomic force microscope measurement and the CDHM measurement.
6.2.1. Fig 4B
6.3. A MEMS electrode made using a lift off process is subject to sample morphology variance that needs quantification. Using the described protocol, a depth map was made for this purpose.
6.3.1. Fig 5A
6.4. A plot in the other dimension shows that surface roughness of the electrode is also observable using the system. 
6.4.1. Fig 5B
6.5. In a dynamic system with the temperature rising from 50 to 300 ºC, morphological changes were measured in a micro diaphragm fabricated by bonding a thin plate onto an SOI wafer sample. 
6.5.1. Fig 6a
6.5.2. Fig 6b
6.5.3. Fig 6c
6.5.4. Fig 6d
6.5.5. Fig 6e
6.5.6. Fig 6f
Video editor, progress through the six images evenly with the narrative.
6.6. This thermal deformation was then summarized in a line plot, showing a cross sectional view of the different deformation states. 
6.6.1. Fig 6g

7. Conclusion (said by authors on camera)
7.1. Rosmin Elsa: After watching this video, you should have a good understanding of how to set up the system in order to perform several morphologic measurement of reflective objects such as 3D profile, deformation map or surface roughness. 
7.2. Thomas Bourgade: Once trained, anyone can use the system and the software so that it can be easily implemented on production chains and use by technicians. 
7.3. Thomas Bourgade: While attempting this procedure, it’s important to remember to place the sample at the right distance from the system. This is an important step and has an impact on the quality of the final result.
7.4. Rosmin Elsa: After its development, this technique paved the way for researchers in the fields of optical and electrical engineering to explore and characterize the behavior of MEMS devices in static and dynamic conditions.
7.5. Thomas Bourgade: Following this procedure, other experiments like resonant modes observation while applying high frequency AC current or quantifying cantilever deflection during current application can be performed in order to provide a calibration of a particular MEMS device.

Provided Media


2.5_ScreenCapture1.avi – Software video shoot for step 2.5
2.6_ScreenCapture2.avi – Software video shoot for step 2.6
2.7_ ScreenCapture3.avi – Software video shoot for step 2.7
2.8-1_ ScreenCapture4.avi – Software video shoot for step 2.8-Sequence split in 2 due to image lagging 
2.8-2_ ScreenCapture5.avi – Software video shoot for step 2.8
2.9_ ScreenCapture6.avi – Software video shoot for step 2.9
2.10_ ScreenCapture7.avi – Software video shoot for step 2.10
2.11_ ScreenCapture8.avi – Software video shoot for step 2.11
3.1_ ScreenCapture9.avi – Software video shoot for step 3.1
3.3_ ScreenCapture10.avi – Software video shoot for step 3.3
3.4_ ScreenCapture11.avi – Software video shoot for step 3.4
3.5_ ScreenCapture12.avi – Software video shoot for step 3.5
3.6_ ScreenCapture13.avi – Software video shoot for step 3.6
3.7_ ScreenCapture14.avi – Software video shoot for step 3.7
4.1_ ScreenCapture15.avi – Software video shoot for step 4.1
4.2_ ScreenCapture16.avi – Software video shoot for step 4.2
4.3_ ScreenCapture17.avi – Software video shoot for step 4.3
4.4_ ScreenCapture18.avi – Software video shoot for step 4.4
4.5_ ScreenCapture19.avi – Software video shoot for step 4.5
5.3_ ScreenCapture20.avi – Software video shoot for step 5.3
5.4_ ScreenCapture21.avi – Software video shoot for step 5.4. Live deformation of the diaphragm

[bookmark: __DdeLink__239_121250426]CDH-3D.pdf – 3D PDF with transparent image of the system allowing to see detailed system architecture

5.5_DeformationGraph.tif - Plot showing the deformation of the center of the diaphragm in nm when increasing Voltage

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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