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Mechanically underdamped electrostatic fringing-field MEMS actuators are well known
for their fast switching operation in response to a unit step input bias voltage. However,
the tradeoff for the improved switching performance is a relatively long settling time to
reach each gap height in response to various applied voltages. Transient applied bias
waveforms are employed to facilitate reduced switching times for electrostatic fringing-
field MEMS actuators with high mechanical quality factors. Removing the underlying
substrate of the fringing-field actuator creates the low mechanical damping
environment necessary to effectively test the concept. The removal of the underlying
substrate also has substantial improvement on the reliability performance of the device
in regards to failure due to stiction. Although DC-dynamic biasing is useful in improving
settling time, the required slew rates for typical MEMS devices may place aggressive
requirements on the charge pumps for fully-integrated on-chip designs. Additionally,
there may be challenges integrating the substrate removal step into the back-end-of-
line of commercial CMOS processing steps. Experimental validation of fabricated
actuators demonstrates an improvement of 50x in switching time when compared to
conventional step biasing results. Compared to theoretical calculations, the
experimental results are in good agreement.
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previously published work. These sections include those indicated by the red font in
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complex technique such as yours, but you must use original language throughout the
manuscript.
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Response

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover Letter

May 30, 2013

Journal of Visualized Experiments
17 Sellers Street
Cambridge, MA, 02139

To whom it may concern:

I am writing as a notification of the submission of our manuscript entitled, “Real-time DC-
dynamic biasing method for switching time improvement in severely underdamped fringing-
field electrostatic MEMS actuators,” for consideration for publication in Journal of Visualized
Experiments. Daniel Ljungberg, Associate Editor for the physical sciences, contacted me
regarding an existing publication and suggested that we submit an article that focuses on the
experimental section of the paper. The method described in this manuscript permits users to
accurately replicate a dynamic waveform that electronically improves the switching time of
microelectromechanical systems (MEMS) actuators with low squeeze film damping conditions.
The real-time measurement and waveform parameter optimization of the method makes this
work well suited for the Journal of Visualized Experiment’s unique multimedia format.

The author contributions are as follows: Joshua Small devised the fabrication process for the
fringing-field electrostatic MEMS actuators and the DC-dynamic biasing idea for improving the
switching time; Adam Fruehling developed and fine tuned the deployment of the biasing
waveform; Anurag Garg contributed to the fabrication of the fringing-field MEMS actuators;
Xiaoguang Liu contributed to the fixed-fixed beam fabrication; Dimitrios Peroulis is the principal
investigator for the project.

An article that details the modeling, design, and experimental validation of the DC-dynamic
waveform has been accepted and published in the Journal of Micromechanics and
Microengineering. However, the details of the experimental validation are not delved into in
great detail. A copy of this manuscript is included with this submission.

The following peer reviewers are suggested to review this work: Prof. Gabriel Rebeiz,
University of California San Diego, grebeiz@ucsd.edu; Dr. Charles Goldsmith, MEMtronics
Corporation, cgoldsmith@memtronics.com; Prof. Pierre Blondy, University of Limoges,
pierre.blondy@xlim.fr; Prof. loannis “John” Papapolymerou, Georgia Institute of Technology,
ioannis.papapolymerou@ece.gatech.edu; Prof. N. Scott Barker, University of Virginia,
barker@virginia.edu; Prof. Kamran Entesari, Texas A&M University, kentesar@ece.tamu.edu.

This manuscript describes original work. All authors approve the manuscript and this
submission.

Thank you for receiving our manuscript and considering it for review. We appreciate your time
and look forward to your response.
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SHORT ABSTRACT:

The robust device design of fringing-field electrostatic MEMS actuators results in inherently low
squeeze-film damping conditions and long settling times when performing switching operations
using conventional step biasing. Real-time switching time improvement with DC-dynamic
waveforms reduces the settling time of fringing-field MEMS actuators when transitioning
between up-to-down and down-to-up states.

LONG ABSTRACT:

Mechanically underdamped electrostatic fringing-field MEMS actuators are well known for their
fast switching operation in response to a unit step input bias voltage. However, the tradeoff for
the improved switching performance is a relatively long settling time to reach each gap height
in response to various applied voltages. Transient applied bias waveforms are employed to
facilitate reduced switching times for electrostatic fringing-field MEMS actuators with high
mechanical quality factors. Removing the underlying substrate of the fringing-field actuator
creates the low mechanical damping environment necessary to effectively test the concept. The
removal of the underlying substrate also a has substantial improvement on the reliability
performance of the device in regards to failure due to stiction. Although DC-dynamic biasing is
useful in improving settling time, the required slew rates for typical MEMS devices may place
aggressive requirements on the charge pumps for fully-integrated on-chip designs. Additionally,
there may be challenges integrating the substrate removal step into the back-end-of-line
commercial CMOS processing steps. Experimental validation of fabricated actuators
demonstrates an improvement of 50x in switching time when compared to conventional step
biasing results. Compared to theoretical calculations, the experimental results are in good
agreement.

INTRODUCTION:

Microelectromechanical systems (MEMS) utilize several actuation mechanisms to achieve
mechanical displacement. The most popular are thermal, piezoelectric, magnetostatic, and
electrostatic. For short switching time, electrostatic actuation is the most popular techniquel’z.
In practice, critically-damped mechanical designs deliver the best compromise between initial
rise time and settling time. Upon applying the DC bias and actuating the membrane down
towards the pull-down electrode, the settling time is not a significant issue as the membrane
will snap down and adhere to the dielectric coated actuation electrode. Several applications
have benefited from the aforementioned electrostatic actuation design3'8. However, the
presence of the dielectric coated pull-down electrode makes the actuator susceptible to
dielectric charging and stiction.

MEMS membranes can utilize an underdamped mechanical design to achieve a fast initial rise
time. An example of an underdamped mechanical design is the electrostatic fringing-field
actuated (EFFA) MEMS. This topology has exhibited far less vulnerability to typical failure
mechanisms that plague electrostatic based designsg'zo. The absence of the parallel counter
electrode and consequently the parallel electric field is why these MEMS are appropriately



called “fringing-field” actuated (Figure 1). For the EFFA design, the pull-down electrode is split
into two separate electrodes that are positioned laterally offset to the moving membrane,
completely eliminating the overlap between the movable and stationary parts of the device.
However, the removal of the substrate from beneath the movable membrane significantly
reduces the squeeze film damping component thereby increasing the settling time. Figure 2b is
an example of the settling time in response to standard step biasing. Transient, or DC-dynamic
applied biasing in real-time can be used to improve the settling time?®%°. Figure 2c and 2d
qualitatively illustrates how a time varying waveform can effectively cancel the ringing.
Previous research efforts utilize numerical methods to calculate the precise voltage and timings
of the input bias to improve the switching time. The method in this work uses compact closed
form expressions to calculate the input bias waveform parameters. Additionally, previous work
focused on parallel plate actuation. While the structures are designed to be underdamped,
squeeze-film damping is still available in this configuration. The actuation method presented in
this work is fringing-field actuation. In this configuration squeeze-film damping is effectively
eliminated. This represents an extreme case where the mechanical damping of the MEMS beam
is very low. This paper describes how to fabricate the EFFA MEMS devices and perform the
measurement to experimentally validate the waveform concept.

PROTOCOL:
1. Fabrication of EFFA MEMS fixed-fixed beams (See Figure 3 for summarized process).

1.1. UV lithography and chemical wet etch of silicon dioxide with buffered hydrofluoric acid
(CAUTION?).

1.1.1. Use an oxidized, low resistivity silicon substrate.

1.1.2. Fill a glass beaker with acetone (enough to submerge the sample), place the sample in
the acetone filled beaker, and sonicate for 5 min in a water bath sonicator (CAUTION®®)

1.1.3. Without drying, directly transfer the sample from the acetone beaker to a beaker filled
with isopropyl alcohol and sonicate for 5 min in a water-bath sonicator (CAUTION®).

1.1.4. Dry the sample with nitrogen (do not allow the isopropyl alcohol to evaporate from the
surface).

1.1.5. Dry (dehydration bake) the sample on a hotplate set to 150 °C for 10 min. Allow the
sample to reach room temperature once the dehydration bake is complete.

1.1.6. Place the sample on the chuck of a photoresist spinner. Pipette and dispense 1 mL of
hexamethyldisilazane (HMDS) per 25 mm of diameter (CAUTION®®). Spincoat at 3500 rpm for 30
sec. Pipette and dispense 1 mL of positive photoresist per 25 mm of diameter (CAUTION?Y).



Spincoat the sample at 3500 rpm for 30 sec. Softbake the photoresist for 90 sec at 105°C on a
hotplate.

1.1.7. Use a mask aligner to expose the sample to UV radiation with a wavelength of 350-450
nm. Use exposure energy of 391 mJ/cm? (CAUTION??).

1.1.8. Fill a glass beaker with TMAH based developer (CAUTION*) and use enough to submerge
the entire sample.

1.1.9. Fill a glass beaker with deionized water to quickly terminate the development to avoid
overdevelopment.

1.1.10. Develop the sample for 12-20 seconds. Gently agitate the submerged sample.

1.1.11. Carefully and quickly remove the sample from the development beaker and submerge it
in the rinse water beaker for 10 seconds.

1.1.12. Rinse the sample in a sink under running deionized water for 1-2 min.

1.1.13. Carefully blow dry the sample with nitrogen (Do not allow the deionized water to
evaporate from the surface).

1.1.14. Inspect the sample under a microscope.

1.1.15. If necessary, repeat the development procedure with adjustments in time to avoid
overdevelopment.

1.1.16. Use a plasma reactive ion etch (RIE) to roughen the surface to improve the surface
wetting. RIE settings: 100 sccm of Ar, 100 W RF power, 50 mT chamber pressure, 1 min
(CAUTION?%).

1.1.17. Fill a teflon beaker with a sufficient amount of buffered oxide etch (BOE) to cover the
sample.

1.1.18. Fill another teflon beaker with deionized water for an intermediate rinse of the sample.
1.1.19. Submerge the sample in the BOE. The etch rate is 90-100 nm/min.

1.1.20. When the etch is complete, rinse in the teflon beaker that has deionized water for 10
sec. Then rinse the sample in a sink under running deionized water for 1-2 min.

1.1.21. Dry the sample with nitrogen (Do not allow the deionized water to evaporate from the
surface).



1.1.22. Inspect the sample under a microscope.

1.1.23. Repeat the etch and rinse steps as necessary with adjustments in the time in order to
avoid over-etching and undercutting of the photoresist.

1.1.24. Remove photoresist mask.

1.1.25. Fill a glass beaker with acetone (enough to submerge the sample), place the sample in
the acetone filled beaker and sonicate in a water-bath sonicator for 5 min.

1.1.26. Directly take the sample from the acetone beaker and place it in an isopropyl alcohol
filled beaker and sonicate for 5 min in a water-bath sonicator.

1.1.27. Dry the sample with nitrogen (Do not allow the isopropyl alcohol to evaporate from the
surface).

1.2. Chemical wet etch of silicon with tetramethylammonium hydroxide (TMAH) 25 % by
weight (CAUTION®).

1.2.1. Use a clean 4 L beaker.

1.2.2. Use a hotplate with a thermocouple. Use a teflon basket that has a hook at the end of the
handle for holding the samples. Use a magnetic stir rod for proper agitation to alleviate the
silicon surface of hydrogen bubbles that are released during the bulk etching process.

NOTE: The feedback between the thermocouple and the hotplate ensures the appropriate
temperature remains constant throughout the etch. If the released hydrogen is not removed
from the surface, it may mask the underlying silicon from the TMAH.

1.2.3. Pour the TMAH 25 % by weight up to the 2 L mark of the beaker.

1.2.4. Place the thermocouple in the solution and preheat to 80 °C. If possible, use a custom
fixture or clamp to hold the thermocouple to prevent interference with the rotation of the
magnetic stir bar.

1.2.5. Once the solution reaches the necessary temperature, place the samples in the teflon
basket and place the basket in the solution by hanging it from the lip of the beaker. Make sure
that the basket does not rest on the bottom of the beaker in order to leave room for the
magnetic stir rod to rotate.

1.2.6. Set the rotation rate of the magnetic stir bar to 400 rpm.



1.2.7. The etch rate of the solution is 300-350 nm/min. The necessary etch depth is 4-5 um.

1.2.8. When the necessary time has elapsed to complete the etch, remove the sample from the
solution and rinse with deionized water for 1-2 min.

1.2.9. Dry the sample with nitrogen (Do not allow the deionized water to evaporate from the
surface).

1.2.10. Use a profilometer to measure the step height.

1.2.11. If the step height has not been reached, place the samples in the solution again in order
to achieve the desired step height.

1.3. Chemical wet etch of all SiO, from the substrate and thermally grow another 500 nm of
SiO,.

1.3.1. Fill a teflon beaker with hydrofluoric acid 49 % by volume (CAUTION?®). Use an amount
that is sufficient to cover the sample.

1.3.2. Fill a teflon beaker with deionized water for rinsing the sample. Use an amount that is
sufficient to cover the sample.

1.3.3. Etch the sample with hydrofluoric acid. Leave the sample in the solution until all of the
SiO, is removed. Since the solution is highly concentrated, the etch will occur relatively quickly.

1.3.4. Rinse for 10-20 sec in the teflon beaker filled with deionized water.
1.3.5. Rinse the sample thoroughly under running deionized water in a sink for 1-2 min.

1.3.6. Mix a solution of H,S04:H,0, (piranha clean: sulfuric acid and hydrogen peroxide mix) in a
1:1 ratio in a teflon beaker (CAUTION?'). Use enough to cover the sample.

1.3.7. Fill a teflon beaker with deionized water for rinsing the sample.

1.3.8. Submerge the sample in the H,S04:H,0, for 7-10 min.

1.3.9. Briefly, 10 sec, rinse the sample in the rinse water beaker.

1.3.10. Thoroughly rinse the sample in a sink under running deionized water for 1-2 min.
1.3.11. Dry the sample with nitrogen (Do not allow the water to evaporate from the surface).

1.3.12. Perform wet thermal oxidation to grow 500 nm of SiO,.



1.4. UV lithography and chemical wet etch to pattern the SiO; to expose the silicon which
serves as the sacrificial layer for the final release of the fixed-fixed beams.

1.4.1. Fill a glass beaker with acetone (enough to submerge the sample), place the sample in
the acetone filled beaker and sonicate in a water-bath sonicator for 5 min.

1.4.2. Directly take the sample from the acetone beaker and place it in an isopropyl alcohol
filled beaker and sonicate in a water-bath sonicator for 5 min.

1.4.3. Dry the sample with nitrogen (Do not allow the isopropyl alcohol to evaporate from the
surface).

1.4.4. Dry (dehydration bake) the sample on a hotplate set to 150 °C for 10 min. Allow the
sample to reach room temperature once the dehydration bake is complete.

1.4.5. Using a photoresist spincoater, spincoat HMDS on the sample at 3500 rpm for 30 sec.
Using a photoresist spincoater, spincoat positive photoresist on to the sample at 3500 rpm for
30 sec. Softbake the photoresist for 90 sec at 105 °C on a hotplate.

NOTE: Use 1 mL per every 25 mm of sample diameter.

1.4.6. Use a mask aligner to expose the sample to UV radiation with a wavelength of 350-450
nm. Use exposure energy of 391 ml/cm?.

1.4.7. Fill a glass beaker with a TMAH based developer and use enough to submerge the entire
sample.

1.4.8. Fill a glass beaker with deionized water to quickly terminate the development to prevent
overdevelopment.

1.4.9. Develop the sample for 12-20 sec.

1.4.10. Carefully and quickly remove the sample from the development beaker and submerge it
in the rinse water beaker for 10 sec.

1.4.11. Rinse the sample in a sink under running deionized water for 1-2 min.
1.4.12. Carefully dry with nitrogen (Do not allow the water to evaporate from the surface).

1.4.13. Inspect the sample under a microscope.



1.4.14. If necessary, repeat the development procedure with adjustments in time to avoid
overdevelopment.

1.4.15. Use plasma RIE to roughen the surface to improve the surface wetting. RIE settings: 100
sccm of Ar, 100 W RF power, 50 mT chamber pressure, 1 min.

1.4.16. Fill a teflon beaker with a sufficient amount of BOE to cover the sample.
1.4.17. Fill a teflon beaker with deionized water for an intermediate rinse of the sample.
1.4.18. Submerge the sample in the BOE. The etch rate is 90-100 nm/min.

1.4.19. When the etch is complete, rinse in the teflon beaker that has deionized water for 10
sec. Then rinse the sample under running deionized water in a sink for 1-2 min.

1.4.20. Dry the sample with nitrogen (Do not allow the water to evaporate from the surface).
1.4.21. Inspect sample under a microscope.

1.4.22. Repeat the etch and rinse steps as necessary with adjustments in the time in order to
avoid over-etching and undercutting of the photoresist.

1.4.23. Fill a glass beaker with acetone (enough to submerge the sample), place the sample in
the acetone filled beaker, and sonicate in a water-bath sonicator for 5 min.

1.4.24. Directly take the sample from the acetone beaker and place it in an isopropyl alcohol
filled beaker and sonicate in a water-bath sonicator for 5 min.

1.4.25. Dry the sample with nitrogen (Do not allow the isopropyl alcohol to evaporate from the
surface).

1.5. Sputter deposit 20 nm of Ti and 100 nm of Au. This film serves as the electroplating seed
layer for the subsequent electroplating process step. The sputtering parameters are: DC
power of 100 W, deposition pressure of 8 mT, 100 sccm of Ar, base pressure 3 E°T.

1.5.1. Vent the process chamber or load lock to atmosphere.

1.5.2. Load the sample into the process chamber or load lock.

1.5.3. Pump the process chamber or load lock to vacuum.

1.5.4. Wait until the process chamber achieves a base pressure of 3 E°T.



1.5.5. Position the sample to the appropriate place for deposition.

1.5.6. Set the chamber pressure to 8 mT by flowing argon into the system. The exact flow rate
needed to achieve 8 mT highly dependent on the type of system used. The sputtering tool used
for this work used a flow rate of 100 sccm.

1.5.7. Activate the source with the titanium target.

1.5.8. Presputter titanium at 300 W for 20 mins.

1.5.9. Sputter 20 nm of titanium at 100 W. The exact time of the deposition is highly dependent
on the type of system use. For the sputtering tool used in this work, 5 mins is necessary to
achieve 20 nm.

1.5.10. Deactivate the source with the titanium sputtering target.

1.5.11. Activate the source with the gold target.

1.5.12. Presputter gold at 100 W for 2 mins.

1.5.13. Sputter 100 nm of gold at 100 W. The exact deposition time is highly dependent on the
sputtering tool that is used. For the sputtering tool used in this work, 10 minutes is enough to
provide 100 nm of gold.

1.5.14. Deactivate the source with the gold sputtering target.

1.5.15. Close the Ar gas valve.

1.5.16. Vent the process chamber or load lock.

1.5.17. Unload the sample once the process chamber or load lock reaches atmosphere.

1.5.18. Pump the load lock or process chamber down to high vacuum.

1.6. UV lithography to create a photoresist mold that defines the geometry of the fixed-fixed
beam.

1.6.1. Fill a glass beaker with acetone (enough to submerge the sample), place the sample in
the acetone filled beaker for 5 min.

1.6.2. Directly take the sample from the acetone beaker and place it in an isopropyl alcohol
filled beaker for 5 min.



1.6.3. Dry the sample with nitrogen (Do not allow the isopropyl alcohol to evaporate from the
surface).

1.6.4. Dry (dehydration bake) the sample on a hotplate set to 150 °C for 10 min. Allow the
sample to reach room temperature once the dehydration bake is complete.

1.6.5. Using a photoresist spincoater, spincoat HMDS on the sample at 3500 rpm for 30 sec.
Using a photoresist spincoater, spincoat positive photoresist on to the sample at 2000 rpm for
30 sec. Softbake the photoresist for 90 sec at 105 °C on a hotplate.

NOTE: Use 1 mL per every 25 mm of sample diameter.

1.6.6. Use a mask aligner to align and expose the sample to UV radiation with a wavelength of
350-450 nm. Use an exposure energy of 483 mJ/cmZ.

1.6.7. Fill a glass beaker with TMAH based developer and use enough to submerge the entire
sample.

1.6.8. Fill a glass beaker with deionized water to quickly terminate the development in order to
prevent overdevelopment.

1.6.9. Develop the sample for 12-20 seconds.

1.6.10. Carefully and quickly remove the sample from the development beaker and submerge it
in the rinse water beaker for 10 seconds.

1.6.11. Rinse the sample in a sink under running deionized water for 1-2 min.
1.6.12. Dry the sample with nitrogen (Do not allow the water to evaporate from the surface).
1.6.13. Inspect the sample under a microscope.

1.6.14. If necessary, repeat the development procedure with adjustments in time to avoid
overdevelopment.

1.7. Electroplate gold MEMS beam.
1.7.1. Use a 1 L beaker glass beaker.

1.7.2. Fill beaker with 700 mL of a commercially-available, ready-to-use gold electroplating
solution (CAUTION®®).Place filled beaker on a hotplate.
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1.7.3. Set the hotplate to 60 °C. Use a thermocouple to ensure that the solution stays at the
desired temperature. Once the solution has reached the desired temperature, attach the
sample to a fixture that holds the anode, workpiece (the sample), and the thermocouple.

1.7.4. Set the current supply to the appropriate amplitude based on the exposed metalized
area of the sample. A constant current density of 2 mA/cm? is used.

1.7.5. A stainless steel anode is used.

1.7.6. Connect the live to the anode and the ground to the sample.

1.7.7. The deposition rate is 250-300 nm/min. The final thickness of the fixed-fixed beam is 0.5
pum. Taking into consideration that an approximate 4:1 ratio exists in the etch rates of
electroplated to sputtered gold (when removing the sputtered seed layer), the beam is
electroplated to 1 um.

1.7.8. When the necessary time has elapsed, turn off the current supply, disconnect the leads
from the anode and workpiece, remove the sample, and rinse thoroughly under running

deionized water in a sink for 1 min.

1.7.9. Blow dry the sample with nitrogen (Do not allow the water to evaporate from the
surface).

1.7.10. Use a microscope and profilometer to verify that the electroplating is complete.
1.8. Etch the photoresist mold.

1.8.1. Preheat glass beaker filled with a dedicated photoresist stripper on a hotplate to 110 °C
(CAUTION?%). Submerge sample in the solution for 1 hr.

1.8.2. Remove the beaker from hotplate and allow the solution and sample to reach room
temperature.

1.8.3. Rinse sample thoroughly under running water in a sink for 1-2 min.
1.8.4. Submerge sample in a beaker filled with acetone for 5 min.
1.8.5. Submerge sample in a beaker filled with isopropyl alcohol for 5 min.

1.8.6. Dry the sample with nitrogen (Do not allow the isopropyl alcohol to evaporate from the
surface).
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1.8.7. Inspect sample under a microscope and measure the step height of the electroplated Au
with a profilometer. Repeat the cleaning steps if necessary.

1.9. Chemical wet etch Ti/Au seed layer.

1.9.1. Place sample in plasma RIE and use the following parameters: 100 sccm of Ar, 100 W, 50
mT for 30 sec

1.9.2. Fill a teflon or glass beaker with Au etchant (CAUTION®). Use enough to cover the entire
sample.

1.9.3. Fill a teflon or glass beaker with deionized water. This beaker will serve as an
intermediate rinse beaker to quickly terminate the Au etch.

1.9.4. Submerge the sample in the Au etchant. Etch parameters - room temperature, 7-8
nm/sec, agitated. Once etch is complete, submerge the sample in the rinse water beaker and
gently agitate for 10-20 sec.

1.9.5. Rinse the sample thoroughly under running deionized water in a sink for 1-2 min.

1.9.6. Nitrogen blow dry (Do not allow the water to evaporate from the surface)

1.9.7. Inspect the etch under a microscope and, if necessary, repeat until all the Au is removed
from the exposed areas.

1.9.8. Perform plasma RIE again on the sample with the following parameters: 100 sccm of Ar,
100 W, 50 mT for 30 sec

1.9.9. Fill a teflon beaker with BOE (enough to submerge the sample).

1.9.10. Fill a teflon with deionized water for rinsing the sample.

1.9.11. Submerge the sample in the BOE at room temperature. The etch rate is 15-18 nm/min.
When the etch time is complete, remove the sample from the beaker and submerge it into the
rinse beaker for 10-20 sec.

1.9.12. Rinse the sample thoroughly under running deionized water in a sink for 1-2 min.

1.9.13. Nitrogen blow dry (Do not allow the water to evaporate from the surface).

1.9.14. Inspect etch and, if necessary, repeat until all the titanium is removed from the exposed
areas. Reduce the etch time to avoid significant undercutting.
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1.10. Perform a dry isotropic XeF, etch (CAUTION*) that selectively removes the silicon and
releases the Au fixed-fixed beams.

1.10.1. Vent the process chamber to atmosphere.

1.10.2. Load the sample in the process chamber.

1.10.3. Pump the system down to vacuum.

1.10.4. The etch time strongly depends on the exposed area and the type of etch system used.
For this sample a pressure of 3 T with a 30 sec cycle is used. 10 cycles are used. An etch rate of
110-120 nm/min is extracted.

1.10.5. Once the etch parameter are set in the system, etch the silicon sacrificial layer.

1.10.6. When the etch is complete perform the necessary purging steps to ensure toxic gases
are removed before venting the system to atmosphere. The system in this study has a process
that automatically performs this purge step.

1.10.7. Vent the process chamber to atmosphere.

1.10.8. Carefully remove the samples.

1.10.9. Pump the process chamber down to vacuum.

2. Experimental Validation of Dynamic Waveform

2.1. Load sample on DC probe station.

2.1.1. Place the sample on the chuck of the DC probe station.

2.1.2. Activate the vacuum of the chuck to hold the sample down.

2.1.3. Use DC probe tip manipulators to position the tungsten probe tips on the biasing pads of
the MEMS bridges

2.1.4. Use the microscope of the DC probe station to view the precise positioning of the
tungsten probe tips over the DC biasing pads of the device. The fixed-fixed beam is probed with
the live signal probe tip while the pull down electrodes are probed with the ground probe tip.

2.2. Program dynamic biasing signal on the function generator.
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2.2.1. Use calculated values for the initial wave parameterszo.

2.2.2. Choose the arbitrary waveform function on the function generator to create the dynamic
waveform.

2.2.3. Input the time parameters of the waveform. Depending on the type of function
generator, the first time parameter starts after few microseconds (as opposed to 0
microseconds). The interval between the first and second time parameter will be the calculated
time it will take the beam to reach the overshoot gap. The interval between the second and
third time parameter should be long enough to allow the beam to completely reach equilibrium
with minimal oscillation. When inputting the time parameters to operate in the reverse
direction (from pull-down to release), the overshoot gap time will determine the time interval
between the third time parameter and turning off the. There will be a fifth time interval need to
restart the wave. For this interval permit sufficient time for the beam to reach equilibrium
before restarting the cycle.

2.2.4. Input the voltage parameters of the waveform. The voltages will be a fraction of the
actual voltage applied to the beam because this signal will pass through a linear amplifier. The

values programmed into the function generator for this study were 1/20 of the actual voltage.

2.2.5. Connect the output of the function generator to the high-speed high-voltage linear
amplifier.

2.2.6. Connect the output of the linear amplifier to a digital oscilloscope with sampling rate of
300 MHz. The oscilloscope is used to verify the signal output from the arbitrary waveform

generator.

2.2.7. Connect the output of the linear amplifier to the DC manipulators. Make sure the
function generator is off while performing this step.

2.3. Setup and measure with the Laser Doppler vibrometer (LDV)

2.3.1. Position the head that holds the LDV over the sample.

2.3.2. Turn on the laser.

2.3.3. Use the microscope that is integrated with the LDV to find the desired beam to measure.

2.3.4. Focus the laser on the center of the MEMS bridge. This is the point of maximum
deflection.

2.3.5. Ensure the intensity of the laser beam reflection is sufficient for accurate measurement.
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2.3.6. Set the sampling time to the appropriate sampling rate. This measurement uses a
sampling rate of 5.1 MHz.

2.3.7. Select the displacement versus time output for the LDV.
2.3.8. Select the continuous measurement mode.

2.3.9. Apply the biasing signal on the MEMS bridges. The LDV will capture the ringing effect in
real-time.

2.3.10. Tune the timing and voltage parameters on the function generator to achieve minimal
beam oscillation on the pull-down and release operations.

2.3.11. Once the optimal values are found turn off the biasing signal.
2.3.12. Turn off the continuous LDV measurement mode.
2.3.13. Lift the DC probe tips up from the biasing pads.

2.3.14. Connect the triggering input of the function generator to the triggering output of the
LDV hardware interface. For this study a BNC cable is used for this connection.

2.3.15. Set the function generator to acknowledge the external trigger from the LDV system.

2.3.16. Set the LDV software to trigger the function generator when the measurement scan
mode begins.

2.3.17. Set the LDV software to single scan mode. The time single scan will be the duration of
the waveform.

2.3.18. Drop the DC probe tips back down on the biasing pads of the MEMS bridge.
2.3.19. Capture the signal scan by activating the measurement mode of the LDV.

2.3.20. Save the displacement versus time data.

15



REPRESENTATIVE RESULTS:

The setup in Figure 4 is used to capture the deflection versus time characteristics of the MEMS
bridges. By using the laser doppler vibrometer in its continuous measurement mode, the
precise voltage and time parameters can be found to result in minimum beam oscillation for
the desired gap height. Figure 5 illustrates an example beam deflection corresponding to the 60
V gap height. It is seen that virtually all of the oscillation is removed. Not only is the dynamic
waveform useful for one gap height, but for all of the gap possible heights. This is
demonstrated in Figure 6 and Figure 7 for both the pull-down and release operations,
respectively. The calculated and measured dynamic wave form used to achieve the
measurements in the previous figures is presented in Figure 8 and 9, respectively.

Figure Legends:

Figure 1. 2D sketch and SEM image of MEMS bridges used in this study. (a) 2D profile. (b)
Top view of MEMS bridges (c) SEM of actual fabricated device.

Figure 2. Sketch of underdamped MEMS bridge in response to an input step and time
varying response. (a) Unit step applied bias. (b) Response of underdamped MEMS bridge to unit
step input. (c) Time varying/dynamic input bias. (d) Response of MEMS bridge to time varying
input.

Figure 3. Summarized process flow for the MEMS bridges. (a) Oxidized silicon substrate.
(b) Bulk etch of silicon substrate. (c) Re-oxidation of silicon substrate. (d) Silicon dioxide etch to
expose sacrificial silicon. (e) Gold deposition and patterning. (f) Etch of sacrificial silicon layer to
release the MEMS bridge.

Figure 4. Block diagram of the experimental setup used to apply the bias signal and
capture the MEMS bridge deflection.

Figure 5. Measured pull-down and release states of a MEMS bridge in response to a 60 V
input bias. The black curve is the response from a step input. The red curve is the response to a

dynamic input.

Figure 6. Measured intermediate pull-down gap heights of the MEMS bridge in response
to a dynamic input.

Figure 7. Measured intermediate release gap heights of the MEMS bridge in response to a
dynamic input.

Figure 8. Calculated waveform for the input bias.

Figure 9. Actual waveform used to achieve minimum oscillation of the MEMS bridge.
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Table 1. Table of chemicals.

Table 2. Table of equipment.

DISCUSSION:

Low residual stress Au film deposition and a dry release with XeF, are critically components in
the successful fabrication of the device. Electrostatic fringing-field actuators provide relatively
low forces when compared to parallel-plate field actuators. Typical MEMS thin film stresses of >
60 MPa will result in excessively high drive voltages which can potentially compromise the
reliability of EFFA MEMS. For this reason the electroplating recipe is carefully characterized to
yield a thin film with low bi-axial mean stress. Additionally, this study uses silicon as the
sacrificial layer type due to its relative lack of expansion and contraction (compared to
photoresist) during process steps that require heat cycles. Finally, the dry release step with XeF,
facilitates high yield processing by virtually eliminating stiction.

The desired beam gap height corresponds to the overshoot gap height (Figure 2b) in response
to the first step bias®®. Once the beam attains the overshoot/desired gap height the second
step bias (Figure 2c) is applied to hold the beam in this position. By knowing the mechanical
quality factor of the MEMS bridge (which can be measured or calculated), the overshoot
percentage and the time to reach the overshoot gap height can be calculated. These
parameters are used to determine the amplitude and timing of the input voltage.

DC-dynamic drive signals used in this study improved the settling time from ~ 2 ms down to ~
35 ps for both up-to-down and down-to-up states. The calculated switching time using the
heuristic model® is 28 ps for a beam with width w = 10 pm, length L = 400 pm, thickness t =
0.45 um, lateral pull-down gap s = 8 um, and residual tensile mean stress o = 5 MPa. Switching
time has a 072 reIationshipzo. The consequence of this relationship is that relatively small
variations in the residual stress can have a non-marginal impact on the switching time
calculation. A relatively small difference of 2 MPa in residual stress can result in a switching
time variation of 20 %. Therefore a need exists for real-time optimization with the method
presented in this paper due to the inevitability of process variation across a wafer.

The method presented in this work demonstrates significant improvements in switching time
for electrostatic fringing field actuators where the substrate is removed. The details for
fabrication of the EFFA MEMS tuners and the electrical testing are described in detail. The
experimental method, in particular the dynamic biasing technique, will find utility in virtually
any mechanically underdamped MEMS design in regards to improving the switching time
performance.
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Chemical

Company

Catalogue number

Buffered oxide etchant

Acetone

Isopropyl alcohol

Hexamethyldisilizane

Microposit SC 1827 Positive Photoresist
Microposit MF-26A developer
Tetramethylammonium hydroxide
Hydrofluroic acid

Sulfuric acid

Hydrogen peroxide

Transene Sulfite Gold TSG-250

Baker PRS-3000 Positive Resist Stripper
Gold etchant type TFA

Mallinckrodt Baker
Mallinckrodt Baker
Honeywell
Mallinckrodt Baker
Shipley Europe Ltd
Shipley Europe Ltd
Sigma-Aldrich
Sciencelab.com
Sciencelab.com
Sciencelab.com
Transense
Mallinckrodt Baker
Transense

1178

5356
BDH-140
5797

44090
31200
334901
SLH2227
SLS2539
SLH1552
110-TSG-250
6403
060-0015000
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Silicon dioxide etch, Ti etch
wafer clean

wafer clean

adhesion promoter
Pattern, electroplating
Develop SC 1827

Bulk Si etch

Silicon dioxide etch

wafer clean

Wafer clean

Au electroplating solution
Photoresist stripper

Au etch
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Equipment

model number

Mask aligner

Sputter coater

Thermal oxidation furnace
Reactive lon Etch

Xenon difluoride dry etcher
Surface profilometer

Probe ring

DC manipulators

Laser doppler vibrometer
digital function generator
high voltage linear amplifier
digital oscilloscope

Karl Suss MJB-3

Perkin Elmer 2400 Sputterer

Pryogenic Oxidation Furnace

Plasmatech RIE

Xactix Xenon Difluoride Etcher

Alpha-Step 1Q

Signatone

Signatone S-900 Series Micropositioner

Polytec OFV-551/MSA-500 Micro System Analyzer
Agilent E4408B Function Generator

Single channel high voltage linear amplifier A400
Agilent DS05034A Digital Oscilloscope
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Comment

Pattern photoresist

Deposit metal

Grow silicon dioxide

Plasma ash

Selective dry isotropic silicon etch
Step height measurement

Holds DC probe manipulators

Applies potential difference to device
Switching time measurement
Creates the DC-dynamic waveform
Facilitates high voltage

Verify the dynamic waveform parameters



*Article & Video License Agreement

fel. +1.617 948 2051
VISUALIZED www. JoVE com

. . :
G<m Cambridge, MA 02138
N S e

ARTICLE AND VIDEO LICENSE AGREEMENT

hwpa. T mic " 4 \ ro T
Title of Article: ..”..w, wﬁzwq m . GV .m.wowm»‘a&, @thﬁw, rnﬂﬁ mﬂmmr. VS %@mﬁng
Author({s): &ovfgwé_; b%ﬁaﬂqo@a’.;a P.Jo..& @;._..L %.a,odﬁ9$Of,cbn,5}vrﬁb.muﬂbqﬂr\0c_ <

ftem 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish ) via: .2 Standard Access

Item 2 (check one box):

Open Access

The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

N

... The Author is a United States government employee but the Materials were NOT prepared in the

course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No  Derivs 3.0  Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JOVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JOVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form} throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.

4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
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Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’'s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in ltem
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in ltem 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
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shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. if more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JOVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
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without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
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damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.
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must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVF’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

AUTHOR:
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Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy as a PDF to the JOVE submission site upon manuscript submission (preferred);

2) Faxthe document to +1.866.381.2236; or

3) Mail the document to JoVE / Attn: JoVE Editorial / 17 Sellers St / Cambridge, MA 02139

For questions, please email editorial@jove.com or call +1.617.945.9051.

MS # (internal use): e
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*Rebuttal Comments
Click here to download Rebuttal Comments: List of Revisions.docx

Editorial comments:

* There are a few sections of your manuscript that show significant overlap with your
previously published work. These sections include those indicated by the red font in the
attached manuscript. Please re-write that text to avoid plagiarism (including self-plagiarism).
We understand that there may be a limited number of ways to describe a complex technique
such as yours, but you must use original language throughout the manuscript.

These sections have been re-written with original language and are highlighted in the revision.

* Protocol text:
1) Please make sure every step is in the imperative tense as if you are telling someone how to
do the technique (i.e. "Do this", "Measure that" etc.)

Every step in the protocol has been changed to the imperative tense. The changes are
highlighted in the revision.

2) If you are re-using figures from a previous publication, you must obtain explicit permission
to re-use the figure from the previous publisher (this can be in the form of a letter from an
editor or a link to the editorial policies that allows you to re-publish the figure) and you must
cite the figure appropriately in the figure legend, i.e. "This figure has been modified from
[citation]."

There was a misunderstanding in reading the contract with the previous publisher. It states that
the figures can be reused, but only for personal publications and personal websites where a
third party is not involved. Therefore, all new figures were created with a different format,
organization, sequence, and style of presentation.

3) Please provide more information/descriptions for the highlighted steps. For example,
could you describe in detail what is meant by "prepare" in steps 2.1 and 2.2.

The steps in the X.X format are the headers for the steps in the X.X.X. format. In other words,
the X.X.X steps is the detailed description of the X.X header. The protocol was reorganized to
make this point a clearer. Words like “prepare” are replaced with sufficiently descriptive text.
These changes are highlighted in the revision.


http://www.editorialmanager.com/jove/download.aspx?id=161226&guid=1c68d022-6141-473d-bca6-d745517aec52&scheme=1

Supplemental File (as requested by JoVE) Previous paper
Click here to download Supplemental File (as requested by JoVE): joshua_JMM_paper.pdf


http://www.editorialmanager.com/jove/download.aspx?id=161225&guid=9643d546-9672-453e-b2d2-f965b8fda436&scheme=1

List of Changes
Click here to download Supplemental File (as requested by JoOVE): list_of_changes.docx


http://www.editorialmanager.com/jove/download.aspx?id=161236&guid=17648b2d-9850-4e2c-926b-400bb0671683&scheme=1

Supplemental File (as requested by JoVE)
Click here to download Supplemental File (as requested by JOVE): 51251_R2_marked_comments.docx


http://www.editorialmanager.com/jove/download.aspx?id=161238&guid=5404456b-bf19-471b-82d3-0b87a618244a&scheme=1

