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Abstract - Silicon etching using deep reactive ion etching
(DRIE) at large etch depth results in rougher surfaces due to
increased response in process pressure, amount of coil power,
increased amount of helium leak at the backside, and even post
process handling. To account for the effects of surface
roughness on the characteristics of a silicon cantilever beam, a
numerical model based on the finite element method (FEM)
modeling was developed using actual roughness data from
fabricated samples. The acquired roughness data was
integrated to the silicon cantilever beam model coupled with
multiphysics to simulate a piezoelectric energy harvester.
Simulation result shows that roughness parameter ranging
from 1.488-3.138 um can shift the resonant frequency by 5.53%
to 9.48% or 308.31 Hz to 551.21 Hz of the device but does not
have significant effect on the output power. The significant
shift in the resonant frequency implies that careful
consideration of surface roughness from fabrication processes
must be considered when designing energy harvesters.
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1. Introduction

Critical fabrication processes like the deep etching
of silicon in microelectromechanical systems (MEMS)
devices cause surface irregularities. These nonidealities
are caused by the plasma etch process with variables
like radio frequency power, chamber pressure, etch gas
flow rates, and temperature, affecting etch rate. Other
factors that contribute to these nonidealities are
laboratory-type clean rooms where the environment is
not as controlled as in a manufacturing facility, less
maintained polishing tools and equipment, non-DRIE
etching tool of lower aspect ratio, and post-etch device
handling; hence, making it even more difficult to keep
the surface uniform. A specific example in MEMS
fabrication, is when flow rates of SFs and CiFs gases
influence the trench morphology. The gas flow rates
can affect surface roughness depending on the etching
rate, sidewall angle, and sidewall damage [1]. The
roughness warp formed from this process may cause
significant effects on the geometry of the device and
may shift the resonant frequency. These surface
irregularities influence not only the surface properties
of a device but also its reliability and performance [2].
For cantilevers that are used for energy harvesting, this
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may lead to harvesting inefficiency as its operating
frequency is highly dependent on its geometric shape.

Prior to fabrication, it is essential to have a good
model of the device to aid its design and development.
Moreover, effects of surface roughness to a device must
be incorporated in the early design stages to improve
its reliability, performance, and optimize its design.

Many works on modeling surface roughness are

made for MEMS sensors [3], switches [4], and optical
devices [5] but not for energy harvesters. With the
growing use of ubiquitous internet-of-things (I0T) and
wireless sensor network (WSN) devices in the next few
years [6], the demand for battery to power these
devices will increase as well. These devices must be
autonomously powered using unlimited source of
energy through MEMS energy harvesters. MEMS energy
harvesters allow miniaturization of mechanical
structures to be integrated with electrical circuitry
however, its operating frequency is very much
dependent on their form factor. Most of the existing
models for roughness topography was created
manually, analytically, script coded, independently
studied, and are empirical [4,7-10]. Some have
roughness models that were developed from
experimenting several times through fabrication, which
is tedious and costly [11]. Recent developments lack
multiphysics analysis with roughness integrated to the
device models [13-17]. Multiphysics analysis solves for
coupled multiphysics phenomena simultaneously that
may involve electrical, physical, mechanical, structural,
chemical and optical stimuli.
Previous studies on the effects of surface roughness on
RF MEMS capacitive switches showed a reduction of the
down-state capacitance that shifts the resonant
frequency of the switch [9]. Leakage current and
actuation voltage shift due to dielectric charging are
increased by orders of magnitude compared to a planar
contact [8]. Meanwhile, introduction of roughness to
optical nanoantenna and carbon nanotubes results in a
shift in the resonance wavelength [18], and an
underestimated material property compared to a
smooth model [11], respectively. To our best
knowledge, the FEM model with realistic surface
roughness on energy harvesters has not yet been
investigated in literature.

The succeeding section of this paper is organized
as follows. Section 2 discusses fabrication processes of
samples used to acquire surface roughness. Followed
by section 3 that discusses on how the roughness were
characterized and analyzed. Section 4 shows a brief
explanation of the numerical model used to compare
with the FEM simulated model. Section 5 presents the
process of how the FEM cantilever model was built.

136

Section 6 discusses the simulation of the FEM model.
Lastly, Section 7 concludes the research work.

2. Fabrication of silicon samples

Before developing the FEM 3D model of the
cantilever beam’s surface roughness, actual samples
were microfabricated for roughness characterization.
The fabrication process investigated in this paper is
deep reactive ion etching (DRIE) of silicon. The full
fabrication was basically subdivided into four major
processes [12]: wafer cleaning, oxidation,
photolithography, and etching, as illustrated in figure 1.
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Figure 1. PCARI-VERSe Fabrication process used to
characterize surface roughness due to DRIE: a) Cleaned
<100> silicon wafer, b) Formed oxide on the surface of the
wafer, first photolithography process [c-€] c) First coat using
a thin resist, d) First mask exposure, e) Etching of the
unexposed area after developing, f) Oxide etching of the
unexposed area, second lithography process [g-i] g) Second
coat using a thick resist, h) Second mask exposure, i) Etching

of the unexposed area after developing, and j) Silicon deep
etching of the unexposed area.

A 6" P-type test silicon wafers was RCA-cleaned
represented in figure 1a and wet-oxidized to deposit an
oxide of 280-300 nm thickness in figure 1b. The mask
pattern that was used in this fabrication has trenches
with widths of 2 gm up to 1000 #m and was replicated
at the center, left, right, top, and bottom regions of the
wafer to characterize process variations. The different
steps of the two-photolithography processes are shown



in figures 1c-le and figures 1g-1i. For the process in
figures 1c-1e, the substrate with 280-300 nm of silicon
dioxide from wet thermal oxidation was coated with 1.2
um of I[-line photoresist (OiR906 1.2 um). Then, the
wafer was exposed using a 50 pm gap of soft-contact
exposure under UV I-line intensity of 12mW/cm2 for
15s. After the post-exposure hard bake, the I-line
photoresist was developed by spraying MF26A
developer for 5s at 300 rpm and was hard-baked to
harden the patterned photoresist for 70s at 230°C.
After oxidation and pertinent photolithography steps,
the oxide was etched at a rate of 0.3 gm/min. The
etched part of the wafer was measured using nano
spectrometer to ensure all exposed oxide were etched.

The depth of the silicon structure that must be etched
is 550 um. In order to have a better pattern transfer
fidelity and avoid mechanical stress and cracks, a
second coating of the wafer was done using the thick
resist (AZ P4620 12 pm) as illustrated in the
photolithography process in figures g-1i. To remove
some bubbles that were observed on the photoresist
after exposure, post-exposure hardbake was done at
120°C for 30s, followed by rehydration for 30 minutes.
Then, these wafers underwent DRIE using a standard
recipe with 1:10 ratio of O to SF¢ and was bonded to a
handle wafer to prevent an etch-through that might
damage and contaminate the chuck of the chamber. A
dummy wafer was placed under the sample wafer
poured with 2.5 mL of Santovac®. The two wafers are
bonded and was baked for 10 minutes on a hotplate.
This newly bonded wafers were then placed in the DRIE
etch system plasma chamber. The standard recipe to
etch 300 pm deep is equivalent to at least 100 cycles.
Etching characterization was performed to get the
needed depth of 520-550 gm in which etch cycle is
equivalent to 600 cycles. Etch depth was measured
using OLS5000 3D laser microscope.

3. Characterization of Surface Roughness

The DRIE technology gives high-aspect ratio (HAR)
etch and minimal roughness [11]. In order to acquire
the roughness data caused by deep-etching, the samples
were measured using a high-resolution 3D-laser

microscope. To properly characterize surface
roughness, roughness parameters were identified
through the analysis of the measured surface

roughness. The measured roughness data was used for
FEM modeling of the cantilever beam with surface
roughness.

3.1 Measurement Apparatus
Surface roughness evaluation was performed by
using laser microscopy. This method has several
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advantages: (1) it can measure finer roughness, (2)
non-abrasive, (3) fast and precise, (4) high resolution,
and (5) offers wide-field measurement over
conventional stylus measurements, scanning probe
microscopes, and scanning interferometers. This
method is adapted to determine the roughness of the
DRIE-processed surface.

To capture surface roughness, an appropriate objective
lens was selected. The data acquisition application
software of OLS5000 was used to capture

BSM| B-Samy |3

L-Sampl L-Samp3

B-Samp2

L-Samp2

.
.l
C-Samy |z Lsan|3

R-Samp3

T-Samp3

Bottom

Left

C-Sampl

Center

Right

R§M|

T-Sampl

T-Samp2

I higher

Top

shorter [T

Roughness height

Figure 2. 2D images of height acquisition per region of a 600
cycle DRIE sample.

the live image of the sample. The image was acquired
by imaging the reflected light of the laser beam that is
irradiated on the sample. Then, the sample’s region of
interest was captured using numerical aperture of 0.45
of the objective lenses with 20x magnification. The
maximum pixel size used to fit the region of interest for
imaging was 640 x 640 um2 Image correction was also
performed to remove the tilt that could possibly give
inaccurate roughness data. The acquired height image
per region is shown in figure 2.



3.2 Roughness Parameters

Examination of the measured topographical data of
the sample’s surface were made using OLS5000 data
analysis application. Characterization of the samples’
surface roughness was done by estimating the root
mean square, S; and the centreline average, S, of the
evaluation area. Additionally, parameter S was used to
measure the profile’s skewness and parameter Sy, for
quantifying kurtosis. These four amplitude parameters
were used to describe the samples’ surface.

S; was chosen to be one of the roughness
parameters as it has more statistical significance than S,
and has more stable results since it is not influenced by
scratches. S, represents the standard deviation of
surface height and is more sensitive than S, [13]. Aside
from that, S, is a widely used parameter because of its
ease of use. Another advantage of the parameter S, over
Sq is that when height variations become higher, S,
gives better and dependable statistical values of the
distribution where parameter S; becomes less reliable.

Another amplitude parameter that was used is
the parameter Sqg. This parameter is used to measure
profile symmetry. If the skewness is leaning towards a
positive value, it indicates a deviation to the lower side.
If it is leaning towards a negative value, it indicates
deviation to a higher side. Meanwhile a skewness of
zero value signifies a uniform height distribution.
Moreover, skewness is used to differentiate surfaces
having the same S, values but with different shape.

The last parameter used is Sk. This parameter
indicates presence of disproportionate high peaks or
deep valleys of a surface texture if Sy, > 3.00. A normally
distributed height of a surface Sy, =3.00, while for
varying surfaces with no extreme peaks or valley
features, it has Sk, < 3.00. This parameter also tells the
heaviness of the distributions’ tail and is useful for
indicating presence of unusual peaks or valleys that
may occur on a surface.

3.3 Roughness Analysis

The image of the DRIE sample was captured under a
high-resolution microscope in an ambient environment.
The scan size was initially determined by doing
measurement runs. This was done by selecting a bigger
scan size at first and the measured roughness, S;, was
compared in between regions. It was estimated that if
the measured roughness is greater than 5 um, the scan
size was decreased further since in DRIE process,
roughness usually ranges from nanometer to a few
microns only. Then, the captured image of the region of
interest was processed by removing noise and tilt to
make sure that roughness is measured instead of
waviness or lay.

138

Before roughness was analyzed, the etch depth was
measured to ensure that the roughness information
was from the target depth of 550 um. The same
measurement process was performed on all four
samples per wafer region as shown in figure 3. Depth
measurement was found to have a range of 540-590
um.

The statistical information was also acquired. For a
fair quantification of surface roughness, the data that
was selected was ensured to be at the same thickness,
i.e., the depth of the etch is almost equal.

Figure 3. Measured regions of the 600-cycle DRIE fabricated
sample, showing location of samples where roughness was
measured.

The captured roughness was quantified using
parameters S, Sa and Sk. Across the wafer, S, ranges
from 1 um to 4.7 um as shown in figure 4. It can also be
observed that the center region of the wafer tends to
have an average S, of approximately 2.8 um.
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Figure 4. Variation in surface roughness parameter, Sq, across
a 6-inch silicon wafer after DRIE.

Meanwhile, the left and right regions have more
variations compared to the bottom, top, and center
regions. This variation can be caused by post-process
handling of the etched material, ion, and neutral
transport in the plasma [14], micro loading [15], and
process parameters reported in [16] that affects the
etching properties of the plasma etcher.



The parameters Sy and Sy, are used to quantify the
roughness distribution in a measured area. In figure 5,
the Ss data gathered from a DRIE-etched wafer shows a
roughness height distribution that is skewed below the
mean for all regions at some degree. The left and right
regions have an average skewness of 1.589 and 2.271,
respectively, and have higher skewness than the
bottom, center, and top regions wherein the skewness
average is approximately 1. The positive sign of Sq
indicates the prevalence of peaks. As seen in figure 5,
the skewness of sample 1 in the left region shows the
highest value among all samples.
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Figure 5. Variation in skewness parameter, Ssk, across a
6-inch silicon wafer after DRIE.

The value measured by skewness and kurtosis is
dependent on the effects of the surface properties and
how the surface was imaged and measured. Like any
other imaging technique, it is suspected that the
possibility of image artifacts causes this increase in
skewness.  These artifacts are induced by several
factors, such as processing the digital data, a limited
number of excitation wavelengths for laser
microscopes, poor operating environment, and
fabrication processes to the sample. Other areas of the
left and top regions show a more normally distributed
roughness height compared to other regions, as
illustrated in figure 5. Itis also observed that sample 1
of the left and right regions has a narrow distribution
than the other three. Moreover, the bottom and top
regions have almost the same distribution range
compared to the left, center, and right regions. This
distribution deviation is mainly due to the micro-
machining process. DRIE uses plasma ions to bombard
and react with the surface causing the materials
composing the surface to be etched. The gas chemistry
dictates the etching effectivity of the process, and other
parameters such as coil power, process pressure, and
helium backside cooling are responsible for the
generation of surface roughness [17].
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The parameter Sy, is used to measure the
heaviness of the tail of distribution or signifies outliers.
Figure 6 shows both sample 1 of the left and right
regions has the highest kurtosis value, and by visual
inspection, these two samples’ distribution has a
narrow shape. Meanwhile, other regions’ distribution
shape is shown to be wider as compared to the left and
right regions. The same reason causes this difference
with skewness as the distribution’s data represents the
captured roughness image’s statistical information.
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Figure 6. Variation in kurtosis parameter, Sk, across a
6-inch silicon wafer after DRIE.

4. Numerical Modeling of Surface Roughness

The roughness information in the previous section
was used in the numerical model implemented in
MATLAB [12]. Using the analysis of surface roughness
as varying heights, the cantilever beam in figure 7a was
subdivided equally as one slice of the cross section, Cn,
in figure 7b. The cross-section was decomposed into
uniform dx segments that runs along the width of the
beam where Hmax and Hmin defines the maximum and
minimum height of each captured image in figure 2.
Then, the area moment of inertia in equation 1 was

calculated.
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Figure 7. Illustration of a (a) fixed-free cantilever beam with
surface roughness represented by (b) varying cross-sectional
heights. Representation on how the area moment of inertia is (c)
calculated using the developed numerical model in equation 1.
The cantilever’s resonant frequency is then determined using
equation 2. Image is taken from [12].

The resulting area moment of inertia was used in

equation 2 to compute for the natural frequency of a
cantilever beam with surface roughness.

)

This developed numerical model was compared to the
FEM model that will be discussed in the next section.
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5. FEM Modeling of Surface Roughness

The roughness data from the measurements were
incorporated in the 3D device model in the COMSOL
Multiphysics tool through parametric surface and
interpolation functions. A basic cantilever beam in dz:
mode geometry was built using COMSOL. The geometry
primitives of the model’s spatial dimension are based
on the state-of-the-art designs for piezoelectric energy
harvesters. The equivalent area of the captured
roughness from the fabricated sample was multiplied
by 5 x 2 (length and width) to fit the size of the beam,
which has dimensions equivalent to 5120 ym x 1280
um or 8192 pixels x 2048 pixels. This is to represent
roughness being present all throughout the beam'’s
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surface. Meanwhile, the height was set to 101.9 um - the
total height of the combined layers of the beam, oxide,
PZT and electrodes.

For this study, only the silicon beam was considered
to have roughness and the rest of the layers was set to
be smooth. MEMS, structural mechanics, multiphysics,
and AC/DC modules were used for the electrostatic
interface, structural analysis and electrical simulations.

5.1. 3D Multiphysics Device Modeling

The processed roughness image in MATLAB was
integrated to the 3D beam FEM model in COMSOL. The
cantilever beam with uniform thickness was created
with the use of multiphysics to interface the structural
mechanics governing the beam, as well as the other
physics needed to simulate a piezoelectric energy
harvester with integrated roughness. The 3D cantilever
beam general flow modeling process in COMSOL is
shown in figure 8.

Device geometry

Material
properties
1

Physics setup

Mesh building -~

Modaland | Yes Mesh No | Refine/rebuild
frequency analysis ok? mesh
Fine tuning of
frequency

Measure power
output

Figure 8. Flowchart of modeling process in COMSOL.

5.2. Device Geometry

The structure that was built is the basic silicon
cantilever beam. The beam’s dimension was set to a
length and width of 5120 x 1280 um?2. The thickness
was set to 120 um as the total height of the cantilever
beam. The 20 um serves as an allowance to the
roughness geometry that will be subtracted from the
combined block in figure 9. Initially, the upper Tj,
representing surface roughness, was set to zero and the
lower T layer, representing the beam thickness, was
set to 100 um to simulate and verify a simple model of
the ideal beam that will be used to compare with a
beam with non-uniform thickness. After knowing the



ideal beam frequency, the roughness data was

incorporated to the multiphysics 3D model.

Figure 9. Building the geometry of beam with roughness
using parametric surface. For illustration purposes only. Note
that image used is not the actual size as simulated.

The CSV file of the roughness image was
formatted into a table format text file in python so that
it can be imported and read by the COMSOL
Multiphysics software. The complete process of the
importation and thickness set-up of the height data is
shown in figure 10.

Form unicn for the two
boaolean

Perform interpolation
function

For roughness, set
parametric surface to
position Z=0 um

Set-up the fixed
constraint and free
beam and perform

solid mechanics

For T, set silicon
roughness height to
20 um and position

2=100 um

Set-up mech to Free
Tetrahedral with
element size = normal

Perform
Eigenfrequency study

For T, set beam
height to 100 um and
positionZ =0 um

Figure 10. Roughness set-up process in COMSOL.

An interpolation function was used to describe and
display the varying heights of the imported text file. It
was observed that the rendered image in COMSOL was
not the same as the 2D image acquired from the 3D
high-resolution microscope but looks similar. This
difference is caused by how the image data was
interpolated and rendered in COMSOL. To verify that
the same image information was used, the mean of the
image was calculated in Matlab and was compared with
the mean from the data analysis software of OLS5000.
Therefore, regardless of the difference of the rendered
image, the information was ensured to be the same. All
images used in this study went through the same
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process and was saved as an individual interpolated
function file integrated to the beam.

As the underlying data of roughness is now available
in the model through the interpolation function, the
actual shape of the beam with roughness was created.
The parametric surface of the roughness was bounded
inside a box to encapsulate the full height of the beam.
This was done to be able to perform a geometry
operation such that the parametric surface can be
united with the bounding box. This node is responsible
for the generation of the 3D image defined at a specific
surface area. The expression for the parametric surface
was described by the minimum and maximum x and y
values of the surface area including the interpolated
data for the z values in microns. The position of the
parametric surface was placed at z = 0 um, which is the
boundary of T; and T2. The purpose of this is to bound
the parametric surface within a rectangular block so
that the upper entity of the geometry can be removed,
resulting in only the roughness with S; value ranging
from 0.9 to 4.7 um to remain on the surface of the beam.
The silicon’s T; and T2 layers’ position are also defined
before doing the boolean operation to form the union of
the two separate blocks.

After integrating the surface roughness T; to layer T,
other layers were added as well to be able to measure a
potential difference across the material. The
piezoelectric effect causes the generation of electric
charge during deformation of the beam. This basic
cantilever beam in d3; mode was created using different
materials from COMSOL’s material library. Different
layers and their thicknesses were added to the silicon
beam. Moreover, this 3D model assumes the other
layers are uniform and ideal as these layers are very
thin. The change in resonant frequency caused by the
added layers is also considered insignificant to the
cantilever beam’s frequency shift due to roughness.
This is because the analysis of the effects of surface
roughness must come from the added roughness to the
beam’s surface and not with the added layers.

5.3. Material Properties

To completely define the piezoelectric energy
harvester beam, different materials were added and
assigned to the corresponding geometric entities or
domains of the model. Since the fabricated samples are
silicon, the setup used silicon for the beam, both for its
smooth and rough portions. The material properties of
each layer of the modelled cantilever beam are
tabulated in Table 1.

Table 1: Material properties per layer of the FEM 3D
model.



Material
Silicon
Silicon dioxide
Titaninm
Platinum
PLT

| Young's modulus (E)
| 62 GPa

748 GPa

105 GPa

172 GPa

63 Gla

Density (p)
2329 kg/m*
2650 kg,/m’
4515 kg/m*
[ 21470 kg /m?
[ 7500 keg/m®

5.4. Physics Setup

The mechanical and electrical modules were used to
build the physics setup that describes the physical
phenomena governing 3D model of the energy
harvester. Boundary conditions of the beam’s free end
was set by selecting the concerned domains to ensure
that no constraints and loads are acting on the
boundary. The displacement field and structural
velocity field was set to zero as an initial condition for
transient simulation. Lastly, for the body load, a force
per unit volume (N/m3) was selected to divide the total
force of the 3D model’s selected domain equally
throughout its entire body.

kspring
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E@:'_'_'_'_'___'['_____'_'___'_'_' T~ T
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node : :
C Piezb OVE Zero charge
i i ode
omm———— I """" i i
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Figure 11. Schematic of the electrostatics interface of the
energy harvester model.

For the piezoelectric effect, piezoelectric multiphysics
and the piezoelectric charge conservation was coupled
in the electrostatics interface. A fixed constraint node
was added to make the geometry entity fully
constrained. This was done to set the boundary
condition of the beam’s displacement to be zero in all
directions. The charge conservation node was added to
provide an interface in defining the constitutive relation
and its associated properties according to Gauss’ law. A
zero-charge node was used to set the condition of the
charges on the boundary to be zero. This setting blocks
any displacement field that can affect the boundary.
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The initial values node was also added for setting the

initial condition of the electric potential, V for transient
simulation, which has a default value of zero.
The charge conservation, piezoelectric node was used
as a coupling node to piezoelectric effect. This node is
added by default to the electrostatics interface when a
piezoelectricity interface is added. Without this node,
the material behaves like a dielectric, not piezoelectric.
Ground node was used to implement a zero potential of
boundary condition V= 0. Lastly, a terminal node was
added to provide a boundary condition for external
circuits connection which is shown in figure 11.

A multiphysics module was used to simulate the
piezoelectric effect on the modelled device, which
requires coupling of both solid mechanics and
electrostatics. After setting the physics, selection of
domain was done to select applicable domains. The
domains that have already been defined with other
boundary conditions, material, or physics, that does not
apply with the piezoelectric effect has been excluded.
This is to ensure that the coupled physics is adapted
only to the selected domains that is under study.

5.5 Mesh Building

Using the exact roughness data incorporated to the
cantilever’s 3D device model in COMSOL, meshes were
built for each beam to be able to run FEM simulations
that solves for the beam’s eigenfrequency. FEM was
used to compute for the approximation of the solution
of the cantilever beam’s numerical model equations.
The mesh of the model can be refined for two main
reasons: (1) geometrical - for better representation of
smaller elements and (2) mathematical - accuracy in
solving by the use of denser meshes. The division of the
model’s geometry was defined through mesh building.
This includes the shape, element type, size, density and
number of elements of the mesh that affects the
computation time of the problem. An example of a
meshed geometry is shown in figure 12.

The boundaries defined in the geometry are
discretized into mesh elements. These mesh elements
represent the nodal representation of the geometry and
functional representation of every domain. These
meshes are based on FEM where differential equations
of each element are computed. The sample scaled
geometry in figure 11 shows a complex shape and can
be meshed with tetrahedrons. Therefore, tetrahedral
elements with minimum element size of 92.2 ym and
maximum element size of 512 ym are



Figure 12. A scaled geometry with rough surface meshed
with tetrahedral as a default meshing element.

chosen to create the shape of the 3D geometry. The
element size of the mesh was calibrated for general
physics since the cantilever beam model does not deal
with fluid flow or plasma. The rest of the body
generated the mesh successfully except for some faces
of the rough surface.

This was resolved by iteratively and systematically
changing the number of knots and adjusting the
tolerance when recreating the mesh. Increasing the
maximum number of knots help enhance the
representation of the surface. Increased number of
knots also improve the chance to achieve a tighter
relative tolerance. The maximum number of knots for
the cantilever beam was increased to 400 which
improves tighter relative tolerance. This was set for all
beams. However, for other geometries (having
different roughness) this tolerance value became
difficult to reach. Therefore, a new relative tolerance
was set for such beams.

Different mesh type was also explored to simulate an
ideal beam having a size of 5120 x 1024 x 50 ums3.
These are the coarser, coarse, normal and fine mesh
sizes. All four mesh sizes were used to know the
change in frequency that each different mesh type
contributes. The simulation for each mesh size resulted
in a frequency of 2666.2 Hz (coarser mesh), 2663.8 Hz
(coarse mesh), 2662.6 Hz (normal mesh), and 2661.6
Hz (fine mesh). From this frequency values and this
specific geometry, we can conclude that as the mesh
type changes, the frequency also changes but
insignificantly. Itis expected however that the finer the
mesh is, it is closer to the actual frequency that is
calculated because there are more PDEs computed for
each node that represents the geometry. This is also
true for the beams with roughness as its geometry is
too complex. In this case, the normal mesh was used

for all beam’s simulation. As for some parts of the
geometry of the beam with roughness that exhibits
meshing error, meshes were refined to resolve the
degeneration of the triangle. This step was repeated
until meshing conditions are all satisfied.

6. Simulation of the cantilever beam

An eigenfrequency analysis was performed to
scan the different mode shapes of the beam using
eigenfrequency study. From this analysis, the first mode
shape was used in fine tuning the device’s frequency by
doing frequency sweeps. These frequency steps were
manually tweaked to resolve peaks or resonances.
Equation 2 in section 3.3 solves the natural frequency of
a beam using a non-dimensional frequency g, which
corresponds to an eigenmode of a normalized deformed
shape at its eigenfrequency. In COMSOL, only the first
eigenfrequency was computed and used. Figure 13
shows the simulated beams with almost the same
thickness and its roughness data. Resulting frequency
of the simulation is tabulated in Table 2.

Table 2. Equivalent frequency and power to each sample with
roughness at 100 pm thickness.

Sample Roughness (Sq) Simulation (Hz)
Ideal 0 5340.7
R-Samp2 1.488E-06 5646.8
B-Samp4 2.683E-06 6728
R-Samp3 2.724E-06 5745
T-Sampl 3.138E-06 5879.9

The output power of the same beam was also
calculated from the voltage induced across the
piezoelectric subjected to acceleration. An electrical
load of 1000 Q was connected to the terminal and
ground node, with an applied force of 0.001N. From the
plot shown in figure 14, each peak power occurs at the
resonant frequency of each beam with different
roughness profile data. At a load of 1000 (, the
maximum power is approximately 1.7 W.

The change in S; values does not significantly
affect the harvested power as power is not entirely
dependent on the geometry but on the mechanical and
electrical damping coefficients. Table 3 lists a summary
of the output power results.

Table 3. Equivalent frequency and power to each sample with
roughness at 100 um thickness.

Sample Sq (um) Eigenfrequency (Hz) R Freq Y Power (W)
Ideal 0 5192.4 5196 1.7046
R-Samp2 1.488E-06 5200.6 5204 1.7013
B-Samp4 2.683E-06 5879 5156.7 1.7095
R-Samp3 2.724E-06 5045.4 5048 1.7178
T-Sampl 3.138E-06 5178.3 5181.9 1.7008
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Figure 15. Resonant frequency vs. surface roughness (a) Sq, (b) Ssk, (c) Sku plot of a
100 um-thick silicon cantilevers for both numerical model calculations and FEM simulations.
The resonant frequency calculated using the numerical model shows a consistent 1% error
from the FEM simulations across all samples.

The four samples that were selected is plotted in
figure 15. The first cantilever was set to have no
roughness and is the ideal sample. The other four
cantilevers were incorporated with roughness by
having each sample roughness used in Table 3 to be
on top of the 100 um height of each beam, bounded
inside T1. This was done to ensure each of the four
cantilevers will have the same geometric (length,
width and height) and material properties. In this way,
the change of roughness can be evaluated fairly.

The computed frequency shows an increasing
relationship with increasing roughness values
indicating that if surface roughness is increased, the
farther the beam frequency is from its designed
resonant frequency. The relationship between the two
computational methods showed a good agreement
having around 1% error due to the following: mesh
payloads, discretization of the geometry that
represents its solution field, relative error in the
computed eigenvalues, and limitation on algorithm's
memory use in finding the solution to an eigenvalue
problem during eigenfrequency study.
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7. Conclusions

In this paper, surface roughness effects due to
silicon DRIE on a cantilever beam energy harvester is
studied using numerical and FEM modeling. Surface
roughness was measured, characterized, and
analyzed using a high-resolution 3D laser
microscope. A depth etches of 550 um results in a
surface roughness of 1-4.7 um at thickness of 100 ym.
This roughness was incorporated in a 3D model
cantilever beam and resonant frequency and output
power were obtained using finite element method. It
was found that roughness parameter ranging from
1.488-3.138 pm can significantly shift the resonant
frequency by 5.53% to 9.48% or 308.31 Hz to 551.21
Hz of the device but does not have significant effect
on the output power. Thus, the shift in resonant
frequency must be considered in designing the
fabrication process of energy harvesters so as to
minimize the effects of surface roughness on the
resonant frequency shift of the cantilever beams.
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