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Abstract
In order to do research at CNSE, funding is required. Funding is achieved by submitting
a grant proposal stating the background of the problem one hopes to address, a proposed
solution, and sufficient information to prove success is achievable. These grant proposals
follow a very particular format, which is extremely valuable to be familiar with in the scientific
field of study. Therefore, learning to write a grant proposal for some of the work I have done
during my undergraduate studies was proved a valuable learning experience.
The following grant proposal is based on the work I have done during the threesemester sequence of Capstone undergraduate research in the College of Nanoscale Science
and Engineering. The data presented throughout the body of the proposal was obtained by
Graham Potter, a graduate student on the project, and myself. Dr. James Castracane oversaw
the project, which was funded through SEMATECH.
The grant proposal format follows standard NIH guidelines. In short, It outlines our
findings in the time I was on the project, and includes my ideas for a future research plan to
continue investigating surface acoustic wave devices for nanoscale particle removal. The
proposal also includes a detailed description of required funding based on the materials
needed to continue research as per the proposed research outlined in the body of the
proposal.
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PROJECT SUMMARY
Problem: Currently, masks used for extreme ultraviolet (EUV) lithography are
very vulnerable to contamination. Nanoparticles settle on the mask and distort the features
that are formed on the substrate beneath the mask upon EUV exposure. The ability to remove
these particles from the masks would allow reliable formation of extremely high-resolution
features using EUV lithography.
Solution: The solution we are proposing
uses piezoelectric materials in order to generate
fluidic streaming. The device consists of
interdigitated transducers (IDTs) upon a
piezoelectric crystal that, when a voltage is
applied, generate a surface acoustic wave
(SAW). These SAWs are attenuated from the
device surface and transfer momentum into the
fluid, generating fluidic streaming normal to a
surface for particle removal. The ability to generate
SAWs in the GHz range would greatly improve upon
current cleaning methods using acoustic streaming,
allowing for sub-20 nm particle removal.

Figure 1: Demonstrates SAW being attenuated
from the surface, transferring momentum into
the fluid for acoustic streaming [9]

Current SAW devices used for fluidic
streaming have issues with cavitation, or the formation of bubbles in the fluid. These bubbles
then collapse with enough force to damage the device. SAWs in the GHz range would
decrease the amount of device-damaging cavitation, making this method of cleaning far more
reliable than current methods [1] [7].
Aim 1: Optimization of IDT structure. We will perfect the IDT structure by finite
element simulation using COMSOL and experimental testing. We will determine the most
effective metallization ratio (line width vs. line spacing), IDT configuration, piezoelectric
material and orientation, IDT metal material, and IDT thickness to wavelength ratio in order to
maximize the SAW frequency and conversion of electrical energy into leaked mechanical
energy known as acoustic streaming.
Aim 2: Evaluate particle removal efficiency. We will measure the velocity of the
fluidic streaming, and determine the degree of particle removal efficiency.
Successful Criteria: Success in phase one will be defined as achieving high efficiency
in converting the high frequency signal into a directed and high velocity fluid flow. Success in
phase two will be defined as the removal of particles below 20 nm in size.
Future Use: Beyond using SAW devices to clean EUV masks between uses, these
same device structures could be used to clean EUV masks throughout the process of their
formation. Cleaning the EUV masks thoroughly between each deposition process used to
create the masks would allow for more consistent formation of high-resolution mask features.
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PROJECT DESCRIPTION
Device Design: Using the mask seen below, we fabricated several devices with
various IDT configurations. The devices consist of linear IDT arrays at with various spacing
parameters, focused IDT arrays, also with various spacing parameters, and some devices are
combinations of the two. There are also devices on the mask that are arrays of simpler IDT
configurations, so that information could be gathered about how these devices with in parallel
together.

Figure 2 - Mask for devices with various IDT configurations, periods, and arrays.

These IDT configurations were fabricated using photolithography upon LiNb0 3 Wafers.
These wafers were then diced into individual devices. Each of these devices was then
adhered to a transparent glass microscope slide, which was also adhered to a piece of PCB
board. The PCB board was then wirebonded to the IDT pads to power the devices. The PCB
board had a SMA connector attached to it so that a wave generator could apply various
frequencies to the devices for testing.

Figure 3 - Example of typical device mounted for testing.
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Experimental Procedure: Using the mask with various IDT configurations yields a
wide range of devices. Testing each of these devices will help us fine-tune parameters such
as IDT thickness dimensions, types of arrays that are most efficient, and the influence of
crystal thickness and orientation on SAW generation. By understanding these parameters of
individual devices, we will be able to create test structures with increased streaming efficiency,
while simultaneously observing the interaction of arrays these more efficient test devices
functioning in parallel.
The use of COMSOL simulation software will also help us to fine tune these
parameters. Simulation software allows for rapid testing of device parameters without the
labor constraints of actually fabricating the devices, but can differ from actual experimental
testing. However, using experimental observations in tandem with theoretical projections, we
will be able to safely conclude the most efficient device layouts and dimensions, allowing us to
achieve maximum fluidic streaming when we begin testing devices at higher power [5].
Currently, our devices are tested at low power so that we can assess the nature of the
fluidic streaming being generated. Once the devices are fine-tuned, we will increase the power
and begin measuring the velocity of the streaming produced in order to measure the particle
removal efficiency, ultimately for nanoscale particle removal from EUV masks.
Observed Results: Piezoelectric crystals are inherently anisotropic. As a result, initial
device testing showed that the material we were using (LiNbO3 128-degree cut) had different
piezoelectric properties in the X-direction and in the YZ plane direction. The displacement of
particles in the Z-direction seemed much larger in the X-direction than the YZ plane. Using
COMSOL, we could confirm that IDTs in the X direction generate significantly more vertical
displacement in the Z direction than IDTs in the YZ plane, as seen by the following simulations.

Figure 4 - Displacement in the Z direction is significantly higher in the X-direction of the LiNbO3
crystal (Left) than it is in the YZ-plane (Right).
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Throughout further testing of our devices, we began to understand the influence of the
IDT metal thickness on the streaming achievable by our devices. As a proof of concept to
validate our findings, we once again ran a COMSOL simulation seen below.

Figure 5 – Surface wave intensity is heavily influenced by varying the thickness of the IDTs.

COMSOL simulations expressed the
impact of varying the IDT thickness by
demonstrating the change in surface
deformation when a voltage is applied to the
IDTs on the piezoelectric substrate. Further
investigation revealed that the level of SAW
intensity is proportional to the ratio of the IDT
height to the wavelength. Certain critical ratios
of IDT height to wavelength correspond to
peaks in admittance, which can be seen in
figure 6 to the right.
Figure 6 – Various ratios of IDT thickness to wavelength and
corresponding peaks in admittance .

Figure 7 – Spectrum obtained from device with IDT thickness
to wavelength ratio of .016.

In order to evaluate the validity of our
projected peaks in admittance, we compared
the anticipated results to a device we had
fabricated. The ratio of the thickness of our
IDTs to the wavelength of the device was
.016. According to figure 6, our device was
expected to have a similar peak to the green
line at approximately 305 MHz. This peak is
evident in the spectrum we obtained from our
device, shown in figure 7. This reproducibility
indicates an understanding of the influence of
IDT thickness to wavelength ratio, which will
enable us to develop even more efficient
devices in the future.

Honors College Thesis – Grant Proposal

Page 7

Our research has also brought the optimization of crystal thickness to our attention. We
have found that the Rayleigh wave, our SAW of recent interest, degenerates into a second type of
wave at very low thicknesses. The wave expressed by this degeneration is the Sezawa wave, and
is antisymmetric. This means that the Sezawa wave has a larger shear component than the typical
Rayleigh wave, and thus will result in higher fluidic streaming capability. Figures 8 and 9 below
project expected thicknesses of Sezawa wave ideal intensities and the phase velocities that
correspond to this wave’s propogation along the crystal surface

Figure 8 – Expected frequencies of Sezawa wave
peak intensities for various thicknesses [8]

Figure 9 – Phase velocities generated by Sezawa
wave and Rayleigh wave on surface [8]

Even without applying our latest knowledge to our device design, we have already
demonstrated very focused fluidic streaming as far as 1 mm from the surface of our SAW
devices. Figure 10 demonstrates this column of fluidic streaming below. Image “a” shows a
weighted image of particle motion, the brightest portions representing the most frequently
travelled paths of particles. Image “b” is an image of all paths travelled by particles with no
indication of frequency. While this neat column of streaming does not extend far past 1 mm
from the surface, there is still streaming observed as far as 4.5 mm from the surface, as shown
in figure 11.

Figure 10 - Demonstrated column of fluidic
streaming 1 mm from surface. Image "a" is
weighted (brighter paths more frequently
travelled). Image "b" shows all particle paths with
equal weight.

Figure 11 – Recorded velocities of particles at
various distances from surface of functioning SAW
device.
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Proposed Research: Using our current mask, we were able to gather significant data
surrounding ideal design parameters for SAW devices on LiNbO3 (128 Y-cut). With the
knowledge we have gained through proven simulations and experimental testing, we are now
prepared to continue our research with a new mask, a staple in continuing our research in
SAW MEMS technology. This mask will be made with devices designed specifically to
maximize fluidic streaming based on the knowledge we have gained about SAW devices in
previous work.
The anisotropy of our piezoelectric crystal will be considered in our new design, so that
we can account for varying properties in different crystal orientations. We will design our
devices so that the performance in all directions is optimized for operation at a single
frequency. This is necessary so that when our devices are produced in arrays, we will be able
to fully power each device at optimum efficiency with a single electrical signal.
Now that we understand the effect of the IDT metal thickness on the admittance of our
devices, we will begin producing our devices with varying levels of IDT material. The amount
of metal deposited will be based on the predicted admittance peaks found in literature that we
hope to achieve based on the wavelength of the devices we are depositing the IDTs onto.
This will allow us to further systematically perfect our design structures, identifying a
reproducible IDT thickness to wavelength ratio that we can use to further improve our device
functionality.
The thickness of our piezoelectric crystal will also be taken into account in our future
experiments. We now understand the importance of trying to utilize the sezawa wave for
maximum fluidic streaming, and we are beginning to develop a process for piezoelectric
material growth in a RF sputtering magnetron tool so that we can control the thickness of our
substrate. Once we can achieve a critical substrate thickness where the sezawa wave is
dominant on the surface, we will be able to achieve much higher streaming velocities.
By adjusting the aforementioned parameters based on our previous efforts, we will be
able to design a mask that will yield high performing individual devices. As we continue to
improve these single devices, we will also construct larger arrays of our highest function device
designs so that we can study the effects of multiple devices working together in parallel.
Fabricating functioning arrays of these devices will also allow us to determine the level of
particle removal we can achieve with our best design specifications.
Using this new mask, we will be able to produce a much more applicable range of
devices with increased potential for narrowing our search for optimum SAW device
parameters. In the process, we will continue to improve our streaming capability, which will
allow us to further investigate how efficiently arrays of these devices can perform for particle
removal. A deeper understanding of SAW generation on LiNbO3 128 Y-cut crystals will also
help us to eventually expand to other piezoelectric crystals, in order to explore the possibility of
a better piezoelectric substrate, using the same underlying understanding of device design,
SAW generation, and fluidic coupling. The vast information we will achieve from these sets of
experiments will contribute greatly to us achieving our ultimate goal of sub-20 nm particle
removal from a surface.

Honors College Thesis – Grant Proposal

Page 9

Proposed Research Timeline:

Month 1

Months 2-3

Month 4

Months 5-6

Month 7

Months 8-9

Month 10

Months 1112

• COMSOL simulations of new mask designs and mask
order
• Device fabrication using new mask and efficiency
assessment of new designs
• COMSOL simulation of various IDT thicknesses of most
effective devices on mask

• Device fabrication of simulated thicknesses and
evaluation
• Use COMSOL simulations to vary crystal thickness of
most effective devices to date
• Fabricate devices with optimized design, IDT thickness,
and crystal thickness.
• Evaluate fluidic streaming potential (particle removal
efficiency) of optimized devices at high power
• Fabricate and assess arrays of optimized individual
devices
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The Goal of this project is to develop SAW devices that function in the GHz range in
order to generate enough fluidic streaming to remove particles from a surface. We plan to
achieve such high frequency devices to that the size of the particles we are capable of
removing are less than 20 nm in size. Being that this project the fourth I have undertaken in
my educational career, I believe I have developed the skillset and knowledge of scientific
methods to continue this research so that we can reach the maximum efficiency of the devices
in question. I have spent the previous 18 months learning the conceptual background, device
manufacturing methods, and future directions of this project. I was directly involved with all
aspects of the device processing from concept to manufacture to testing, and understand the
next steps that need to be taken in order to continue optimizing the necessary parameters to
achieve efficiencies with future devices that have yet been unseen. The proposed application
builds logically on the current work I have been conducting, with a promising outlook on
success based on the most recent findings from current experimentation. Integrating the
knowledge I have gained on this project thus far into further experimentation will allow for
substantial improvement in the field of SAW MEMS devices.
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$0

$0

$0

$0
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$3,494
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$0
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$23,818

$23,818

$0

Total Salaries and Fringe Benefits

$85,658

$85,658

$0

Other Direct Costs - Attach Details for any item listed below
Equipment

$0

$0

$0

$13,900

$13,900

$0

Travel

$2,000

$2,000

$0

Materials & Supplies

$6,000

$6,000

$0

$880

$880

$0

*Tuition

Publications
Total Other Direct Costs

$22,780

$22,780

$0

TOTAL DIRECT COSTS

$108,438

$108,438

$0

$50,105

$50,105

$0.00

$158,544

$158,544

$0

Facilities and Administrative Expense

Rate %

Base MTDC

Does not incl:equip, install,tuit

53.00%

$94,538

Total Estimated Project Cost
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Justification: Leigh Lydecker will be paid as per budget outlined for overseeing and
managing research efforts for the research plan stated. Graham Potter will be paid for his
work as research assistant on the project, and his tuition will be covered as well.
There will be no necessary costs for equipment, as the tools necessary to complete our
research are available to us through partnering CNSE laboratories.
We will require $6,000 for various materials and supplies, most of which are outlined
below. $5698.50 worth of materials are outline below, but we request $6,000 in total to
account for other miscellaneous charges including but not limited to small tools, glassware,
and software we may need access to throughout our research efforts. The materials outlined
in the chart below include all items required for the fabrication of our devices, as outlined in the
previous sections.
Materials and Supplies
Quantity Price per unit ($) Total Cost ($)
3" LiNbO3 Wafers (128 Y-cut)
10
86.00
860.00
Crucible
4
119.00
476.00
Aluminum (grams)
50
0.15
7.50
Gold (grams)
10
150.00
1500.00
1813 Photoresist (quarts)
1
100.00
100.00
300 MIF Developer (gallons)
3
20.00
60.00
PCB Board (12 in. x 12 in.)
3
15.00
45.00
SMA Connectors
100
6.00
600.00
5" Mask
1
550.00
550.00
Wafer Dicing (per wafer)
10
150.00
1500.00
Miscellaneous
1
301.50
301.50
TOTAL COST OF MATERIALS AND SUPPLIES ($)
6000.00
We expect that our work will be published at the rate of $110 per page into a scientific
journal, for a total cost of approximately $880. We will present our research at a yet-to-be
determined conference, requiring approximately $2000 for 2 individuals’ travel and a one-night
stay at a local hotel.

