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Abstract

This research proposes a structure of a 2D frequency shift microaccelerometer with
good characteristics on linear response to respond the detected acceleration, high
structure rigidity to resist influence from non-sensing axis acceleration, geometry
symmetry to decouple a planar acceleration, and high sensitivity for sensing
acceleration. In this design, the frequency shift principle, structure with symmetry
geometry and also high-aspect ratio and the dimension optimization are adopted to
fulfill the mentioned advantages. The results show that, the response linearity error
for the simulated illustration is less than 4%, the deformation of the proof mass along
gravitation direction is smaller than 0.01 pm, the cross-axis sensitivity is negligible
less than 0.002%, and the sensitivity could be raised to 8%/G after dimension
optimization. In addition, owing to the superior decoupling capability, the derived
1D analytical model can successfully calculate the sensed 2D planar acceleration.
On the other side, the fabrication result of the adopted UV-LIGA process shows that, a
4 (w) x 20 (h) x 500 (I) um nickel microbeam with high-aspect ratio 5 and slender
ratio larger than 100 can be electroplated. In contrast to the previous design, the
proposed 2D frequency shift microaccelerometer structure has a significant
performance promotion and can be fabricated by using a simple and economic
process.
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Nomenclature

A :cross sectional area of microbeam

A, :the area of capacitor plate

a . acceleration

. h .
: eigenvalue of n" normal mode shape function

an

q. - X-directional component of the planar acceleration
X

P Y-directional component of the planar acceleration
Y

p, :cigenvalue of n™ normal mode shape function
n

Cy :original capacitance
C  :capacitance

C,, Cy, C; and Cj constant coefficients of first normal mode shape function

E : Young’s modulus

fe.: Electro static force

AGL,[,w): Shifted natural frequency of microbeam due to acceleration;
fo and f,(L,,,w): Natural frequency of microbeam;

Af, A(G) and ALGL,Lw): frequency difference between AGL,/,w) and f,(L,/,w);

h  :thickness of microbeams and proof mass
J  :area moment of inertia

L : width of the square proof mass

|  :length of microbeam

M : mass magnitude of proof mass

. - moment applied upon beam’s tip

m - mass per unit length of microbeam

X1



P : concentrated force applied upon the tip of the microbeam; reaction appeared on
the tips of microbeams C and D, applying to the proof mass

g. : electrostatic force per unit length,

S(L,l,w): Sensitivity function of microaccelerometer;

S(v): change ratio of capacitance

7  :axial force applied to microbeam

T, - axial reaction applied to proof mass by the elongated microbeam A

Ty axial reaction applied to proof mass by the compressed microbeam B

7  :axial force applied to microbeam

T'ax: The maximum axil loading befor buckling

T.x: The critical axil loading of buckling

¢ : time

) :volume of proof mass

V' :voltage

W . width of the microaccelerometer anchor frame

g0 : the permittivity constant

v : separations for separating the electrode pad from the proof mass, and from the
anchor.

w : width of microbeams

x  :distance along the length of the microbeam
y  :transverse deflection of the microbeam
o  :resultant deflection of the microbeam
o volumetric mass density
o n™ normal mode shape function

n

xii



© : n™ natural frequency
n
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Chapter 1

Introduction

Since the successful achievement from MEMS technology which has been
developed for more than twenty years, the silicon based microaccelerometer featured in
low cost, small size, reliable and easy use is able to meet the requirement of the current
application market. Though, the request of quality and quantity to microaccelerometer
is continually increased during the expansion of application market, the price is strongly
depressed, however, the performance is requested to promote. Thus, the capability to
meet the change of the performance requirement from single sensing axis and low
resolution to two or three sensing axes but high resolution, MEMS accelerometer with
relative lower cost but higher performance is always being considered as a candidate to
replace the conventional accelerometer with higher precision. The application
evolution of the microaccelerometer is started from replacing the conventional
accelerometer used in airbag for automobile ten more years ago, then extended to
automotive body altitude monitor, operation and control safety couple years ago, and
right now a new application opportunity is appeared for the tiny sensor to work with the
information technology (IT) product. The actual application for IT product includes
attitude or tilt sensing, movement detection and civil guidance and navigation
accompanying with GPS. The attitude and tilt sensing application is prosperously
growing in recent year due to the numerous video projector requested by the developing
home entertainment market. To improve the image quality, accelerometer is installed
in the projector to detect the body attitude and tilt angle to correct the image keystone to
compensate and modify the distorted projection image.

To exceed the performance of the proof-mass-displacement type MEMS

accelerometer adopted by the attitude and tilt application, a frequency-shift type
1



accelerometer is proposed here. The precision property of the conventional quartz
based accelerometer is well known, however, due to the benefits of low cost, volume
production and size miniaturization, a MEMS silicon vibrating accelerometer is
prospected to replace the conventional one. In fact, the vibrating microaccelerometer
has been proposed since the beginning of 90, and new design is always proposed by
every year. However, the majority of the proposed sensors are the one-axis
accelerometer, and the minority two-axis accelerometer is always suffered from the poor
rigidity of the structure resulting from the cumbersome conventional MEMS process.
Hence, to improve the drawback for the old two-axis vibrating accelerometer, present
research proposes a structure of a 2D frequency shift microaccelerometer with good
characteristics on linear response, high structure rigidity to resist influence from
non-sensing axis acceleration, geometry symmetry to decouple a planar acceleration,
and high sensitivity. In the design consideration, the frequency shift principle, the
high-aspect ratio structure with symmetry geometry and the dimension optimization are
adopted to fulfill the mentioned advantages. The results show that, the response
linearity error for the simulated illustration is less than 4%, the deformation of the proof
mass along gravitation direction is smaller than 0.01 um, the cross-axis sensitivity is
negligible less than 0.002%, and the sensitivity could be raised to 8%/G after dimension
optimization. In addition, owing to the superior decoupling capability, the derived 1D
analytical model is able to calculate the sensed 2D planar acceleration. On the other
side, the result of the adopted UV-LIGA process shows that, a 4 (w) % 20 (h) x 500 (1)
um nickel microbeam with high-aspect ratio 5 and slender ratio larger than 100 is
electroplated. In contrast to the previous design, the proposed 2D frequency shift
microaccelerometer structure has a significant performance promotion and can be

fabricated by using a simple and economic process.



1.1. Accelerometer Market and Applications

According to the forecast of Nexus and Yole [1], MEMS accelerometer market will
be $600 million in 2005. Figure 1 shows that, $510 million about 85% of the market is
about the application of movement monitoring and event detection, and the other $90
million about 15% is for measurement and control [2].

As shown in Figure 2, for the market of measurement and control, the
accelerometers has to meet the precision requirement in application such as, defense
IMU (Inertial Measurement Unit), tilt detection and stabilization, civilian guidance,
aeronautics, seismic detection and instrumentation.

Figure 3 shows that, the market of movement monitoring and event detection
includes the applications for hard disk drive, transportation data logging, airbag in
automobile, patient activity, machining monitoring, and pacemakers. The cost for
accelerometer employed for this application category is about $1 to $50 per unit, and
the performance of offset stability to working range is ranged from 10 to 0.1%. On the
other side, the market of measurement and control includes the applications of civil
IMU, plateform stabilization, seismic detection, instrumentation and robotics, compress
and tilt detection, acronautics, and defense IMU. The accelerometer for this kind of
precise application is cost from $20 to more than $1000 per unit, and the offset stability
to working range ratio is ranged between 0.1 to 0.001%.

To implement the low cost MEMS accelerometer used by the application of
movement monitoring and event detection in Figure 3, the physical principles shown in
Figure 4, such as piezoresistive, piezoelectric, surface-micromachining capacitive,

thermal and optical are adopted.
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As to the measurement and control application, the high end MEMS accelerometer
using bulk-micromachining capacitive or surface-micromachining capacitive principle
is employed. However, to meet the requirement of precision application of aeronautics
and defense IMU, the accelerometer operating in vibration principle, made by
micro-mechanical machining, such as laser machining is the preferred choice.

At present time the mechanical machining quartz-based vibrating accelerometer is
adopted for precision measurement, however, due to high quality and high profitable,
MEMS vibrating accelerometer is being developed and used to supplant the

conventional quartz-based accelerometer.
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1.2.General Performance Requirements

Table 1: General performance requirement for accelerometer

Parameter Definition/Description Physical
Quantity
Offset (Bias) The measurement of its average output whena |V, Hz
specified g force is applied.
Offset hysteresis Offset variation after a specified application. V, Hz
Sensitivity (Gain) The average gain over a force range. Vg,
Hz/g
Linearity error (FS) How closely the sensitivity over the force %
range approximates a straight line.
Transverse sensitivity A measurement of what percentage of a force % of
Cross-Axis Sensitivity applied perpendicular to the sensitive axis of on-axis
the device. output
-3dB frequency Bandwidth Hz

The general performance requirement for an accelerometer is listed in Table 1.

Courtesy of NeoStone MicroFabrication Corporation.

1.3. About Frequency Shift Principle

The natural frequency of a mass-spring vibration system is determined by v =

(k/m)"”?.  Thus, if an external or environmental application such as force, acceleration

can change the system parameters k or m [3], the natural frequency @ of the mass-spring

system can be shifted responding to this external application, then if a relation between

the external application and the natural frequency can be established, the external

application can be measured by evaluating the shifted natural frequency.

In addition,

the frequency shift principle is attractive in performing precision measurement, due to

its characteristics on linear response, intrinsic sensitivity and quasi-digital signal output.




Chapter 2

Design Consideration

The previous researches [3~8] show that, the important factors considered for
designing structure of the microaccelerometer include response behavior, structure
geometry, structural rigidity and dimension arrangement. The response behaviors
mean that a linear dynamic response is preferred for its easiness to be processed, and a
nature of significant variation tendency responding to the detected acceleration is the
other requirement. In addition, a symmetrical geometry configuration is necessary to
decouple a detected 2D acceleration into two independent acceleration components.
The structure having the rigidity and stiffness is necessary to reduce the deformation or
dynamic influence due to other non-interested acceleration or gravitation. More, the
dimensions of the structural components dominate the mechanical and electrical
sensitivity of the device.

In this research, these factors are considered to meet the general performance
requirement listed in Table 1. That is, the requirements about offset and its hysteresis,
linearity error, cross-axis sensitivity and sensitivity are met by the design consideration
on rigidity, linear response, decoupling capability and dimension optimization,
respectively.

According to the factors, a 2D frequency shift microaccelerometer used for attitude
and tilt sensing in a constant acceleration or gravitation filed is proposed, as shown in
Figure 5. This accelerometer is configured with a central proof mass connected via
four identical and symmetrical microbeams with high-aspect-ratio. This accelerometer
is intended to operate by using electrostatic force and sense the acceleration by using
natural frequency shift of the microbeam. Thus, on the two sidewalls of each

microbeam two electrode pads Gd and Gs are respectively disposed to form the
8



capacitors for driving and sensing the transverse vibration of the microbeam. When
the microaccelerometer shown in Figure 5 is accelerated to right, the inertial effect of
the proof mass M applies compression and tension respectively on the microbeams C
and the D, and thereby shifts their natural frequencies. The electrode pad Gd generates
a variable electrostatic force to actuate the microbeam D to vibrate at its shifted natural
frequency and the vibrating frequency of the excited microbeam D is detected by the

electrode pad Gs.

2.1. Consideration on Structure Rigidity

To meet the offset and offset hysteresis requirements, structural rigidity is
necessary to against deformation due to gravitation, which is fulfilled by structure with
high-aspect-ratio in the proposed design. The high-aspect-ratio characterization makes
the microbeam itself is capable of reducing the deflection due to the connected proof
mass under gravitation or acceleration perpendicular to the planar acceleration. The
high-aspect-ratio characterization also provides the degree of freedom for the capacitor
disposed on the sidewall of the microbeam to be expanded by employing UV-LIGA

process to build up the microstructure [9, 10].

2.2. Consideration on Linear Response

The principle of the natural frequency shift of the microbeam is adopted by the
microaccelerometer to measure acceleration to meet the linearity error requirement.
The merits of using natural frequency as an output signal are, on theoretically it has
high sensitivity and linearly frequency shift in response to a measured physical or
chemical signal, and on practically it posses a quasi-digital nature as being adopted to
be an output signal, that making the resonant type sensor itself easy to be integrated into

a digital system [3].



2.3. Consideration on Structure Symmetry

To reduce the cross-axis sensitivity, the symmetric structure is chosen to decouple
a planar acceleration into two independent accelerations, which induces little crosstalk.
In addition, due to its compact and simple configuration, the response of 2D
microaccelerometer in sensing acceleration can be described easily and precisely by the

concise analytical model without complicated calculation.

2.4. Consideration on Sensitivity and Optimization

To obtain a most sensitive microaccelerometer structure, the relationship between
the detecting sensitivity and the dimension for the proof mass and the microbeam has to
be realized [11]. To investigate the variation of sensitivity related to the variation of
geometry dimension, the microaccelerometers with different dimensions confined
within the constraint of #W=L+2/ are considered. In Figure 5, L is the width of the

proof mass and / represents the length of the microbeam.
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Figure 5. The structure of the 2D HAR resonant microbeam microaccelerometer
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Chapter 3
Design

An accelerometer with concise structure having resonant microbeam to measure
2D acceleration is proposed. This structure is configured with a central proof mass
suspended by four symmetrical and orthogonal high-aspect-ratio (HAR) microbeams.
This dual-axis design is able to decouple a two-axis signal from a 2D acceleration. An
analytical model relating the linear relationship between the acceleration and the
associated resonant frequency shift of microbeam is derived, and a finite element
analysis (FEA) is also performed to confirm this model. The FEA result also shows
that there is little cross talk between X and Y directions measurement, meaning that this
structure is able to decouple a planar 2D acceleration into two independent acceleration
components, and therefore the 1D analytical model can be used to evaluate the 2D
acceleration on the X-Y plane. In addition, the model is verified by the testing results
of one conventional dual-axis natural frequency shifted microaccelerometer (DFSM) [5].
The simulation result also shows that the sensitivity of the proposed HAR accelerometer

is triple over that of the conventional DFSM.

3.1. Literatures Review

Due to the remarkable sensitivity and linear response, many micro sensors based
on frequency shift principle have been developed, including micro accelerometers [4~7,
12~16]. In which, the resonant frequency of the accelerometer structure or its
substructure e.g. vibrating beam will be shifted by the variations of structure strain,
stress [4~7, 12~14], or rigidity [15, 16]. However, most of the previous micro
accelerometers using frequency shift principle were only capable of measuring 1D

acceleration, except Chang’s design [5], a dual-axis natural frequency shifted
12



microaccelerometer (DFSM), which could successfully decouple a two-axis signal and
detect a 2D acceleration. However, the rigidity of its microbridge fabricated by the
surface micromachining was too weak to resist deflection caused by the connected proof
mass, and thus additional constraint bridges were required to support the proof mass,
leading to a complex structure, which not only complicated the model derivation and
fabrication process, but also reduced the acceleration measurement sensitivity. Besides,
due to the inherent limitation resulting from the surface micromachining, the available
area underneath the microbridge for forming capacitors to respectively drive and detect
vibration was difficult to enlarge.

Here a HAR (high-aspect-ratio) resonant microbeam accelerometer to detect a
planar 2D acceleration is proposed, which can be fabricated by wvarious novel
micromachining techniques, such as DRIE [17], LIGA [18] and LIGA-like process [9,
11, 19]. In contrast to the conventional DFSM design [5], the proposed accelerometer
is configured with a suspending proof mass supported by just four identical, orthogonal,
and HAR microbeams, requiring no constraint bridges, since the HAR feature can
enhance rigidity along the gravitational direction to support the proof mass without
sacrificing the structural compliance in plane. In addition, comparing to the limited
capacitor area formed underneath the supporting microbridges in conventional DFSM,
the capacitors in the proposed design are placed at two sides of microbeams, then the
area of the capacitors can be enlarged by HAR structure. Also, a thicker and heavier
proof mass can be obtained without using the complex leverage mechanism [4, 12, 13]
to increase sensitivity.

An analytical model is first derived here to relate the natural frequency shift of
microbeam and the applied acceleration by following the classic mechanics and
vibration theory [20, 21]. Finite Element Analysis (FEA) and experimental data from

previous literature [5] will also be used to confirm the analytical model and show the
13



sensitivity improvement of the proposed design.

3.2. Structure Design and Operation Principle

The structure of the proposed high-aspect-ratio dual-axis frequency shift
microaccelerometer is shown in Figure 5 Fig. 1. This microaccelerometer is operated
using electrostatic force, and two respective electrode pads Gd and Gs adjacent to the
two side walls of each microbeam are placed to form two capacitors to drive and sense
the transverse vibration of the microbeams A, B, C and D. To distinguish the term of
“microbridge” in conventional DFSM design [5], “microbeam” is adopted here to
describe the HAR beam in current design with larger thickness.
Figure 6 shows the microaccelerometer under acceleration along Y direction, the inertial
effect of the proof mass M applies a tensile and a compression on the microbeams A and
the B, respectively, which will shift the natural frequencies of this two microbeams, as
shown in Figure 7. To detect such Y-directional acceleration, the driving electrode
pads Gd shown in Figure 5 generate the variable electrostatic forces to respectively
actuate the microbeams A and B to vibrate at their natural frequencies. On the other
side, the sensing electrode pads Gs respectively sense the natural frequency variations
of the excited microbeams A and B. Thus, if a relationship between the acceleration
and the shifted natural frequency of the microbeam subject to the axial load is realized,
the Y-directional acceleration can be evaluated by the natural frequency shift.
Similarly, the X-directional acceleration can also be evaluated by the same way using

microbeams C and D.
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Figure 7. The primary vibration mode of the clamped-clamped
microbeam B subject to an axial load.
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Figure 8. The boundary of microbeam C comprising a fixed

clamped end and a movable clamped end [21].
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3.3. Analytical Model Derivation
Here a model based on Euler-Bernoulli beam theory is derived to estimate the
natural frequency shift of the microbeam. Comparing to the proof mass, the inertial

effect of the microbeam is negligible, and thus is ignored in this derivation.

3.3.1. Analytical Model of the Microbeam

To estimate the frequency shift of the microbeams A, B, C, and D, as shown in
Figures 5 and 7, the continuous system theory in [20] depicting the transverse vibration
of elastic beam subject to an axial force 7, with a clamped-clamped boundary condition,
are used.

The governing equation is

4 9 2
§y+T§y+ Aé}y

El—+T—5+ pd—=0 (1)

The clamped-clamped boundary condition is expressed as

Lt

y(x’ t) |x:0: 09 % |x:0: Oa
Lt

y('x’ t) |x:l: 07 @g ) |'c*l 0 .

To evaluate the fundamental natural frequency of the microbeam, the assumed
mode method is used to solve Eq. (1). The 1* mode shape function of the microbeam

is derived and shown as
¢, = C, cosh(a,x)+ C, sinh(a,x)+ C, cos(b,x)+ C, sin(b,x) (2)

where

1 (Y 4me 1
a = LT, 2, 3)
2| EI El El



N | —

2 22 2,4
4 /
b - l Tl N T! N mao, @)
2| EI EI EI
and m =pA.

By substituting the clamped-clamped boundary condition into Eq. (2) to solve the
undetermined constant coefficients C;, C», Cs, and Cy, the characteristic equation can be

obtained as

(an2 -b,’ )sinh(an )sin(b, )+ 2a,b, [1 - cosh(a, )cos(b, )] = 0 (5)

From Eq. (5), the shifted natural frequency of microbeam subject to an axial load T
can be calculated. However, when the axial load on the microbeam is zero, the

fundamental natural frequency of the microbeam becomes

EI

o =224,

(6)

3.3.2. Load Analysis of Microbeams

The boundary constraints of each microbeam A, B, C or D, can be considered as
one end fixed on the anchor frame, and the other one is clamped on the movable proof
mass accelerated along the Y-direction, as shown in Figure 8 Fig. 4, by taking
microbeam C as an example. It can be seen that the deflection on the movable
clamped end of microbeam C is caused by a concentrated force P and a moment M, at
the end due to the proof mass under acceleration. Thus, the resultant deflection of the

microbeam C due to the assumed concentrated force P together with the moment

loading M, is
17
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Based on the structural continuity, the bending deflections of the microbeams C
and D, as shown in Figure 8, must equal to the elongation of the microbeam A and the
shrinkage of the microbeam B, respectively, due to the axial tension 7, and the

compression 7z. Therefore,

P . (8)

As shown in Figure 9, in equilibrium, the forces P, T4, and T exerted on the proof

mass M under acceleration a, must satisfy following relation

T,+T, +2P-Ma=0 9)

Combine Egs. (7), (8), and (9), the relation between the P, T4, and T3 of each

microbeam in terms of acceleration can be obtained.

p_ 62Ma1 (10)
AP 121
16l
T =-T. =Ma|l = ——M 11
1T a(z A12+12[] (1

When the axial loads in Eq. (11) due to 1D acceleration is substituted into Egs. (3),
(4), and (5), the corresponding natural frequency shift for the stressed microbeams can

be calculated. Thereby, the relationship between acceleration and shifted natural

18



frequency is established.

P Malp

Ts
Figure 9. Fig. 5. Free body diagram of the proof mass M under acceleration
a, subject to axial forces 7y and T from the microbeams A and B, and two
reactions P, respectively, from the beams C and D.
3.3.3. Buckling Analysis for Proof Mass
When a microbeam is buckled due to the axial compression, its vibration frequency
is zero, from Eqgs. (3)-(5). Thus, a buckling analysis is necessary to determine the
maximum measurable acceleration for the compressed clamped-clamped microbeam.

The allowable maximum axial compression 7, occurred on microbeam B, as

max

shown in Figure 10, has to be less than the ultimate buckling load [22], i.e.

TB max STcr = lz (12)

To determine the proof mass dimension, the bulking load limitation of Egs. (11)

and (12) are used. It is found that

T

B max

I

M
—a 13
2 max ( )

Thus, from Egs. (12) and (13), the width L of proof mass M can be determined by

specifying the length / of the microbeam and the maximum detectable acceleration ;.
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Figure 10. Buckling of the clamped-clamped microbeam B subject to

the axial load T3 under the maximum acceleration.

3.3.4. Calculation of 2D Acceleration

If the proposed structure design can decouple the signals from two axes coupled
2D acceleration, the 1D analytical model can be used to estimate a planar 2D
acceleration shown in Figure 11. Use Egs. (11), (3), (4), and (5) to calculate the
shifted natural frequencies for the microbeams A, B, C, and D under axial loads, the X
and Y acceleration components a, and a, can be evaluated respectively, and then the

vector sum of these two components represents the planar acceleration a.

Y

| X N a (acceleration)

B\

Figure 11. The exaggeratedly deformation tendency of the
microbeams under a planar acceleration a.
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Figure 12. The characteristic dimension of the accelerometer; the thickness of
the proof mass and that of the microbeam are identical, indicated by 4 as

shown in Figure 5(b).

3.4. Analytical Simulation

The material properties of nickel and the geometry parameters of the
microaccelerometer listed in Table 2 are used for analytical and FEA simulation.
Figure 12 shows the characteristic dimension L is the width of the square proof mass,
while / and w are the length and the width of the microbeam, respectively. The
analytical simulation results are shown in Figure 13, and the symbols Ta, Ca, Da, Tf, Cf
and Df are explained in Table 3, in which, the capital letter T and C respectively
represent the frequency shift due to tension and compression, and D is the frequency
difference between these two frequency shifts, while the index a and f represent the
result from analytical simulation and finite element analysis, respectively. The

conditions for analytical or FEA simulations are listed Table 4.
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Table 2: Table 1: Geometry parameters and mechanical properties in simulations

Material Ni
Dimension and Property
Length of the microbeam / (um) 1000
Width of the microBeam w (um) 5
Thickness of the Beam and the Proof Mass / (um) 20

1" mode natural frequency f, (KHz) of the clamped-clamped 25.107

microbeam
The assigned Maximum Detectable Acceleration (G) 10
Young’s Modules E (Gpa) 210
Mass Density p(Kg/m?) 8800
Mass of the Proof Mass M (Kg) 3.521x107
Width of the Proof Mass L (pum) 14144.9
35000 g
30000 f
25000 F
g
= 20000 F
) i
= 15000
e X
- i
10000 F
5000 | g | | | *‘_
o I | | |
o P I
0 2 4 B B8 10
Aoceleration (G0

Figure 13. The frequency shift of the microbeam of the proposed accelerometer at
F1-8 condition.
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Figure 14. The frequency shift difference between the analytical model and FEA at F1-8

and F2-8 conditions.

Table 3: Symbol used in the simulation results

Simulation Object: Symbol Symbols
for Analytical Simulation for FEA Simulation
Natural Frequency Shift Ta Tf

Due to Tension

Natural Frequency Shift Ca Cf

Due to Compression

Difference of Two above Da = Ta-Ca Df = Tf-Cf

Natural Frequencies Shifts

Table 4: Analytical and FEA simulation conditions

Simulation Direction X Y direction (G)

Conditions |Acc. Dim. Direction (G) |Start| End | Inc
F1-8 1D Acceleration 0 0 8 1
F2-8 2D Acceleration 8 0 8 1
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Figure 13 shows that the natural frequency shifts of microbeams under tension and
compression are all quite linear with respect to the applied accelerations below 8 G, and
the detecting sensitivity of Da is about 2,400 Hz/G. By buckling analysis, the
microbeam subject to axial compression buckles at 10 G, and the corresponding
resonant frequency becomes zero, thereby the difference of the frequency shift increases

abruptly at 10 G.

3.5. Finite Element Analysis

To realize the dynamic effect of the suspended proof mass, the inertia effect of the
microbeam, and the structural cross talk, which are ignored in the analytical model, the
FEA software ANSYS® is employed to verify the analytical results. FEA elements
shell 63 and beam 4 are respectively adopted to depict the behaviors of the proof mass
in acceleration detecting and the microbeams in natural frequency shifting, respectively.
The imposed boundary condition on the position of the microbeam connected to the
anchor frame is clamped and stationary. Whereas, the boundary condition on the other
end of the microbeam connected to the proof mass is a movable clamped end, and only
translations along X, Y and Z directions are allowed. Through static and prestressed
modal analysis of FEA, the natural frequency shift of the microbeam responding to the
acceleration is obtained.

In Table 4, the condition F1-8 means an external 1D acceleration from 0 to 8 G in
Y direction with an increment of 1 G in simulations, and the case F2-8 means an
external 2D acceleration comprised by a Y-directional acceleration changing from 0 G
to 8 G by an increment of 1 G in Y-direction and a constant acceleration of 8 G in X
direction. To verify the capability of the structure to decouple a planar 2D acceleration
into two independent components a, and a,, and validate the 1D analytical model to

evaluate the acceleration components, both analytical model and FEA simulations are
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performed for cases F1-8 and F2-8.

The deviation of simulation results between analytical model and FEA are shown
in Figure 14. The solid line Ta-Tf (F1-8) in Figure 14 is less than 1.1 Hz indicating
that the mass of microbeam ignored in analytical model causes little deviation to FEA
result, on the other side, the dash-dot line Ta-Tf (F2-8) is less than 1 Hz, means that
there is little deviation when using the 1D derived model to do a 2D simulation, lines
Ca-Cf (F1-8) and Ca-Cf (F2-8) also have the same results. In addition, the maximum
shrinkage of microbeam with length of 1000 um before buckling is less than 0.007 pm,
as shown in Figure 14. It indicates that not only the cross talk of the proposed
microaccelerometer is very small and negligible, but also the assumption of
clamped-clamped boundary condition in the analytical model has very little influences
on the simulation result. The result verifies that the derived 1D analytical model is
able to estimate two independent acceleration components of a 2D acceleration,

decoupled by the proposed structure.

3.6. Performance Evaluation

The considered design factors i.e. linearity, rigidity, decoupling capability and
sensitivity, which are achieved by frequency shift principle, high-aspect ratio structure,
structure symmetry and dimension optimization. The results below show the
coincidence between of the considered factors and the performance of the proposed 2D

mcroaccelerometer structure.

3.6.1. Linearity Evaluation
The linearity error of the frequency output shown in Figure 15 is less than 4% for
the natural frequency shifted due to tension or compression only, and is less than 7% for

the difference between the shifted frequency due to tension and compression.
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Figure 15. Linearity error of the shifted natural frequency.

3.6.2. Deviation Evaluation of 1D analytical model to FEA
The simulation results in Figure 16 shows that, the absolute deviation between the
derived model and FEA is less than 0.6 Hz, and the corresponding relative one is less

than 0.008%. That validates the exactness of the derived model.

1D Simulation Results
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Figure 16. The deviation of the 1D model related to FEA.
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3.6.3. Decoupling Evaluation

The FEA results in Figure 17 show the absolute and relative deviation between the
2D FEA and analytical simulation is less than 0.6 Hz and 0.0078%, it means that the
symmetric structure is able to decouple the planar acceleration into two independent

components, and the derived model can be used to evaluate the planar acceleration.

2D Simulation Results

0.& % =
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—o.008
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% 03 —]0.004 B
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% —]0.003 g
8] 0z . =
<1 el e
0002
01 -
—o.001
| I ! L1 L1 L
00 2 4 & 80

Acceleration ((3)

Figure 17. The little deviation between the analytical simulation and FEA indicates the
good decoupling capability.

3.6.4. Cross-Axis Sensitivity Evaluation

According to evaluation results shown in Figure 18, the cross-axis sensitivity
between the X and Y sensing directions is less than 0.002% for the measurement range
from 1G to 7G. That indicates the symmetry structure not only can successfully
decouple the planar acceleration, but also the deformation is little even under larger

acceleration, implying the structure is reliable to precisely measure the acceleration to a
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quite large range.
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Figure 18. The largest cross-axis sensitivity between X and Y directions
1s less than 0.002%.

3.6.5. Rigidity Evaluation
The FEA result in Figure 19 also shows that, the vertical deformation of the proof
mass due to gravitation is less than 0.507 x 10~ um, it indicates that the structure with

high-aspect ratio can reduce the vertical deformation.
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Figure 19. The FEA simulation shows the maximum Z-directional displacement of
the proof mass under 1G is about 0.507x10” m.
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3.7. Verification of Analytical Model with Experiment Data

The experimental data listed in Table 5 from conventional DFSM microbridge
design [5], as shown in Figure 20 is used here to verify the derived analytical model.
By substituting the material properties and geometrical parameters in Table 5 into the
analytical model, the natural frequency shift under different accelerations can be
obtained, as shown in Figure 21. It shows that the calculated sensitivity — Natural
Frequency Difference of 160 Hz/G agrees with experimental result well, which further
verifies the analytical model.

The calculation result also shows that, the constraint bridges used to alleviate the
displacement in Z-directional acceleration, e.g. gravitation for the proof mass of the
DFSM, also reduces the inertia effect of the proof mass from 1.45 mg to 0.4186 mg.
However, in our proposed HAR microbeam design, the constraint microbridges are no
longer needed, the effective proof mass will not be degenerated. In addition, the
exciting and sensing electrodes are placed at two sides of microbeams instead of placing
on the substrate beneath the microbridge [5], thus the capacitor area can be enlarged.

In order to identify the enhancement of the proposed design, Table 6 compares the
performance between current design having microbeam with dimension of 250 um long,
1.6 um wide and 100 pm thick and previous DFSM design having microbridge with
dimension of 250 pm long, 100 um wide and 1.6 pm thick [5] by using the same proof
mass of 1.45 mg. It can be found that the capacitor area is 3 times larger, and the
sensitivity of the proposed 2D frequency-shift microaccelerometer with HAR resonant
microbeams are 3.46 times higher than that of DFSM. Also the displacement of proof
mass due to Z-directional gravitation can be reduced from 1 pm to 0.507x10° pm, as
shown in Figure 19. It is evident that the proposed HAR microbeams design is
effective in enhancing sensitivity and rigidity over the conventional constraint bridges

design.
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Figure 20 (a). Top view of Chang’s 2D frequency-shifted microaccelerometer
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Figure 20(b). Elevation view of Chang’s microaccelerometer.

Figure 20. Change’s dual-axis natural frequency-shifted microaccelerometer (DFSM) [5].
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Figure 21. Frequency evaluation of the DFSM [5] using the derived model, the sensitivity is

160 Hz/G.

Table 5: Experimental data in reference [5]

(due to 8 constraint bridges)

Material Polysilicon
Young’s Modules E (Gpa) 100
Mass Density p(Kg/m®) 2300
Proof Mass (mg) 1.45
Effective Proof Mass (mg) 0.4186

Dimension of Microbridge

(um)

Length /: 250
Width w: 100

Thickness A: 1.6

Maximum detectable acceleration 1050 G
Natural frequency (kHz) 173
Sensitivity (Hz/G) 160
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Table 6: Performance comparison between DFSM design [5] and the current design

Results of DFSM : | The current design

Capacitor Area 1/3%250x100pm* 250%100pum’

Structural Rigidity (displacement in Z Ium 0.507x10”um

direction at 1G)

Sensitivity 160 Hz/G 555 Hz/G

3.8. Summary

Here a HAR 2D resonant microbeam accelerometer is proposed and analyzed.
The simulation shows that the proposed structure is able to decouple a planar 2D
acceleration into two independent acceleration components, and the established
analytical model is able to evaluate 1D acceleration. FEA for 1D and 2D acceleration
simulations are also performed to validate this analytical model, and the agreement
between the analytical results and FEA simulation implies not only the cross talk is
negligible, but also the assumed fixed boundary condition influence little on the
simulation result, meaning that the proposed structure is able to decouple a 2D
acceleration and the derived 1D analytical model is therefore can be used to evaluate 2D
acceleration. In addition, the experimental results from the conventional microbridge
design further verify the accuracy of the current model. From our simulation results,
the proposed 2D resonant microbeam accelerometer is more sensitive and also more
rigid than the conventional constraint bridges design. It also reveals that the
dimension arrangement has direct influence on natural frequency shifting as well as the
detecting sensitivity. Hence, the dimensions of the proof mass and the microbeams

can be further optimized.
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Chapter 4

Fabrication

A systematic recipe set is developed for the adopted UV-LIGA process to process
SU8-5 photoresist to fabricate a microaccelerometer structure with high-aspect-ratio.
The disclosed recipe set comprises a series of relative recipes for processing SUS-5,
including spin speed, soft bake, exposure dose, post exposure bake and developing time.
The recipe set is capable of processing SUS-5 film with thickness from Spum to 80pm.
General hot plate, Karl Siiss Gyrset spinner RC8 CT62 (spin coater) and MJB3
exposure aligner the frequently adopted equipment in the traditional IC lab, are used to
develop these recipes. To verify the recipes, the SU8-5 mold fabricated according to
the presented recipe set is employed to electroplate the structure of the 2D
microaccelerometer with critical dimension of 4x20x500um. The detail and most
effective process parameters described in this systematic recipe set promote the
beginner to process SUS-5 and fabricate the SU8-5 micromold. In addition, various
failure reasons due to adopt the improper recipes are also discussed to guide the reader

to develop and approach their own proper recipe to process SUS8-5.

4.1. Fabrication Consideration

MEMS comprising structures with high-aspect-ratio is interested in recent years,
and therefore various kinds of approaches are developed to meet the requirement.
However, owing to the conventional equipment such as the spin coater and the
UV-aligner are available in the traditional IC lab to process SU8 [23], UV-LIGA process
using SUS8 photoresist is accordingly became one of the most popular approaches been

adopted to form a micromold for electroplating the microstructure.

33



Though, there are many references in regarding to the process of SU8 [9, 24, 25].
However, a systematic approach including detail recipe for processing the SUS8 is still
lack. Thus, this work aims at developing a systematic recipe of wide range, which can
process NANO™ EPON SUS8-5 to form films with thickness ranged from 5 to 80 pm
[26]. This SUS film is used as a micromold to electroplate the microaccelerometer
structure [19, 27~29], as shown in Figure 5. For reference, the developed recipe with
regarding to spin speed, soft bake, exposure dose, post exposure bake and developing
time are all presented in detail. In addition, a microstructure with dimension of

4x20x500um is built to verify the presented recipe.

4.2. Introduction of SU8-5 Photoresist

NANO™ XP SU8-5 is a negative radiation sensitive resist, which is now
commercialized by the company MCC (Micro Chemical Corp.) in USA. According to
the information from MCC, SUS8-5 contains wt. 52% organic solvent GBL
(gamma-butyrolacton). The range of available thickness for the SU8-5 film is from
125 pm to 15 pm corresponding to the spin speed from 250 rpm to 1450 rpm of the spin
coater. Additionally, the developer used to develop the post-exposure-baked SU-8 film

is an organic solution, which is also supplied by MCC.

4.3. Experiment Equipment and Substrate

For processing SU8-5, the adopted equipment includes Oven; Karl Siiss Gyrset spinner
RC8 CT62 (spin coater); Karl Siiss MJB3 exposure aligner having illumination power
intensities of 10 mw/cm? for 405 nm, and of 17 mw/cm? for 360 nm wavelength; and (4)
Hotplate. In addition, a-stepper; Micrometer; Optical microscope; and SEM are

employed to inspect SU8-5 patterned film.
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4.4. Fabrication Process

(1) Forming Seed Layer (Ni)

(2) Dispensing PR SUS8-5

(3) Coating PR SU8-5

(4) Soft bake

A A A

I I . .

T 1T 17

(5) Exposure

) ) )
/ / /

(6) Post Exposure Bake

(7) Develop

(8) Electroplating Ni Structure

(9) Stripping PR SU8-5

Figure 22. Steps for processing SU8-5.



In this work, the employed substrate is a silicon wafer with 4” diameter, and the

environment temperature for processing the SU8-5 photoresist is 24°C.

The procedure to pattern the micromold, comprises following steps shown in
Figure 22:

(1) Dispense the SU-8 photoresist onto the substrate

Distribute enough SU8-5 manually and to form a uniformly round region covered
with SU8 on the silicon substrate from its center to about 0.6 to 0.8 times diameter, in
order to coat films with thickness within the range from 5 to 80 um. However, a poor
SU8 distribution is happened over the entire substrate surface after spin coating, if

dispensed insufficient or not uniform SUS8 on the substrate.

(2) Spin coating

Spin speed and duration time are two major concerns for coating SU8 film to a
demanded thickness on the wafer. The thickness of the SU8 film is not only related to
an adopted spin speed but also its duration time. In general, under the same spin speed,
the SUS8 film becomes thinner as the duration time is taken longer. However, for the
identical spinning duration, the film thickness is inversely proportional to the spin speed.
Additionally, the uniformity of the film’s thickness is also affected by the duration time.
That is, an insufficient spinning duration will cause SUS transiently distributed on the
substrate. Thereby, a thickness variation of the coated SU8 film appears. Figure 23,
lists the relation between the SUS-5 film thickness and the spin speed, which is similar
with that recommended by MCC. However, it also indicates that, it is difficult to coat
precisely a SU8-5 film with thickness over 60 um, since the curve slope of the film

thickness versus the spin speed changes abruptly for spin speed less than 300 rpm. In
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addition to spin speed and duration time, environment temperature while processing the
SU8-5 is another factor has to be concerned. Since the viscosity of SUS8 is decreased
as the environment temperature increases. The thickness of the coated SUS8 film is
also decreased in higher temperature. It is easy to realize that the relation shown in

Figure 2 will be deviated under different environment temperature.
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Figure 23. Spin speed and film thickness.

(3) Soft bake

Although, MCC has recommended the baking temperature of 90 ~ 95°C to cure SUS.
However, the time required to soft bake SU8 film with different thickness related to the
adopted spin speed is not available. In our work, the soft bake temperature used in this
experiment is kept at 90°C. The SU8-5 is just soft baked by hotplate, no forced
convection surrounding the SU8 film adopted to facilitate the solvent evacuation.
Further, for avoiding the heat shock, a filter paper is spaced between wafer and hot plate
for about 3 minutes after the initial contact. In addition, the hotplate has to be well
leveled, otherwise, a tilted hotplate makes the SU8 photoresist to redistribute during soft

bake and a distorted SUS film is therefore formed over the substrate. The relationship
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regarding the thickness versus required time for soft bake is shown in Figure 24, which
including the using the filter paper as a spacer for the first 3 minutes. It shows that, for
properly curing the SUS film, there is a linear tendency relation between the thickness
and the soft bake time. In this work, a tweezers is used to touch the cured surface of
the SUS film to inspect the film solidity. If the surface of the cured SUS8 film is little
deformed by tweezers in gentle touch, the SUS is cured properly. Otherwise, there has
un-negligible residual solvent in the baked SU8. It is found that, an insufficient soft
baking cannot properly cure the SUS, the residual solvent will affect the absorption of
the exposure energy for the SUS8 in the exposure process. On the other hand, if the
SU8 is over baked, the cracks appeared at the interface between the substrate and the
SUS8 film will degrade the adhesiveness. That will make the patterned SU8 film to be

lifted off during or after development process.

Soft Bake Time v.s. Film Thickness
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Figure 24. Soft bake time and film thickness.

(4) Exposure

To construct the vertical sidewall on the pattern made of SUS, it has to supply
enough exposure energy. Otherwise, insufficient exposure dose cannot offer enough

energy to crosslink the exposed polymers in the resin of the SUS. That results in the
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exposed SUS8 film cannot endure the encroachment from the developer during
development and thereby deforms. Contact printing is adopted for exposure to
alleviate the diffraction effect, and a longer exposure time or higher exposure dose is
preferred to process the SU8 film to achieve a well defined structure with vertical
sidewall and sharp corner.  Similar to the typical negative photoresist, the relation
between the exposure time (dose) and the thickness of the SU8-5 film tends to a slightly
nonlinear, as shown in Figure 25. The curve in Figure 25 indicates the minimum
exposure dose required for the SUS-5 film with different thickness. To achieve a
successful exposure, it has to supply exposure dose higher than that shown in Figure 25
to pattern the SU8. However, an overdose makes the stripping of the SU8 mold more

difficult, after electroplated the metal structure.

Exposure Time v.s. Film Thickness
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Figure 25. Exposure time and film thickness.

(5) Post Exposure Bake (PEB)

Dose of post exposure bake is critical for successfully defining the pattern on the
SU8-5 film. For negative photoresist SU8, PEB is to facilitate the crosslink between

the exposed polymers. An insufficient PEB causes the SUS8 structure not strong
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enough to withstand the encroachment applied by the developer. However, an
overdosed PED makes a low selectivity between an exposed and an unexposed region
on the SU8 film during development, thereby distort and misshape the pattern of the
SU8 film. To define a sharp and clear pattern, Figure 26 shows the adopted PEB time
at 90°C for the SU8-5 film. A break of 3 ~ 5 minutes between PEB and development
is necessary to allow a chemical reaction for crosslinking the exposed polymer in the

SUS.
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Figure 26. PEB time and film thickness.

(6) Development

Development is to chemically remove the unexposed portions of the SU8 film. By
gentle shaking, the exposed portion of the SU8 film on the wafer immersed in the
developer lifts off completely from the substrate during a primary development. Fresh
developer is used to rinse the wafer has been primary developed for less than 30
seconds to clean the residual scum on the wafer. Thereafter, compressed dry air or

nitrogen is used to blow the residual developer away from the substrate. However,
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similar to the typical negative photoresist, SU8 absorbs developer and swells during
development. Especially, when the solvent in the SU8 has not been adequately
removed by soft bake, or the develop time is taken too long.  That is, the developer
will keep going to encroach on the SUS8, and the residual solvent makes the SUS8
absorbing more developer and swelling worse. Thereby, the SUS8 pattern is distorted.
The purple or deep blue scum resulting from the encroached SU8 is appeared on the
substrate after development. Figure 27 shows the time adopted for developing the

SUS film, which including the rinse time after the primary development.
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Figure 27. Development time and film thickness.

4.5. Problem and Solution

Figure 28 displays the distorted SUS8-5 structure, in which, the swelling structure,
the snaking beam and the misshaping gap are due to the developer absorbing. The
scum (purple or deep blue color) on the substrate nearby the SU8-5 structure is resulted
from the ill soft bake and/or the insufficient exposure dose. The residual solvent in the

former makes the SU8 not photosensitive in exposure. However, the later causes less
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energy to crrosslink the exposed polymer that inducing the SUS structure is too weak to
resist the developer’s attack [30].

SUS8 structures in Figures 28 and 29 are configured on the identical silicon wafer.
In contrast to Figure 28, structure in Figure 29 indicates that if an incorrect recipe is
employed for SUS, the dimension resolution is going to be sacrificed.
When adopting an insufficient exposure dose, the energy transmitted through the SU8
film is not enough to crosslink the polymer, thereby the encroachment is unable to be
avoided during development. Figure 30 shows the stain appeared after develop, and
Figure 31 shows the SUS8-5 structure having an encroached bottom due to an ill
exposure dose. When a proper exposure dose is applied, the encroachment is

eliminated and the structure is well electroplated, as shown in Figure 32.

4.6. Fabrication Results

Figures 33, 34 and 35 show the structure of the proposed 2D microaccelerometer.
This structure is made of nickel, and electroplated by using the SU8-5 mold. The
SU8-5 mold has been removed after electroplating. Basically, the recipes shown in
Figures 23 to 27 are employed to fabricate this SU8-5 mold. However, the adopted
exposure time for the SU8 mold used to electroplate the structure shown in Figures 33 ~

34 is double to that suggested in Figure 25.
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Figure 28. Gap is misshaped due to the snaking structure. The
original gap dimension on the SU8-5 mold, is 16 um width x 1000 pm
long x 55 um deep.

Figure 29. The dimension of gap on the SU8-5 mold, is 18 pm widthx
1000 um long x 55 um deep.
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Figure 31. The bottom of the SU8-5 structure is encroached by the
developer.

44



Figure 32. The encroached structure is disappeared by using proper

exposure recipe.

Figure 33. 2D microaccelerometer structure, which is made of Ni
using electroplating.
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Figure 34. The close-up view of the structure shown in Figure 33.

Figure 35. Close up view of the microbeam, electrode pad and their

sidewalls. The dimension of the microbeam is about 4x20x500um.
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4.7. Summary

Spin coating, soft bake, exposure, post exposure bake and development are
connected together for fabricating SU8 mold. Each individual process described above
dominates the fabrication result. In addition to the discussed systematic recipe and
dose, the structural geometry of the SUS is the other factor for achieving successfully
fabrication. The SUS structures shown respectively in Figures 28 and 29 imply, the
critical dimension (CD) of a SUS pattern is not only related to its aspect ratio but also its
longitudinal dimension or the slender ratio. That is, under the condition of having
identical aspect ratio, a more adequate and precise process recipe is required to fabricate

a SUS structure with longer slender ratio.
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Chapter 5

Optimization

In general, the structure of a microaccelerometer is configured with two principal
members the proof mass and the spring (beam). The former functions as an active
member to response to acceleration and deforms the geometry or changes the physical
properties of the accelerometer, such as deformation, displacement, or motion, etc., and
the later is to confine or guide the response of the former according to the design
consideration. The reaction degree of the proof mass responding to acceleration is
always determined by the magnitude of the proof mass and, or the compliance of the
spring (beam). That is the sensitivity of an accelerometer with confined geometry size,
is a compromise result between the spring flexibility and proof mass magnitude, hence,
to raise the sensitivity, the dimension arrangement for the proof mass and the spring
(beam) has to be optimized. In this work, to obtain a most sensitive resonant beam
microaccelerometer, the analytical model is used to maximize a defined sensitivity
function S by optimizing the dimension for the microaccelerometer. The evaluation
result shows that, as the length of the microbeam length is one half of the width of the
proof mass, a maximum sensitivity of 8%/G in the illustrated mciroaccelerometers is

achieved.
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5.1. Optimization and Sensitivity

In general, a MEMS inertia or force device is constructed by two principal
members, one is an energy conversion member e.g. spring or beam to convert between
potential and kinetic energy, and the other one is an active member, e.g. proof mass to
respond to a physical environment change. When the sensor structure is subject to an
external action, such as acceleration or force, the active member reacts accordingly, and
deforms geometry or changes physical property of the accelerometer, such as
deformation, displacement or motion, etc. However, the reaction degree of the active
member - the proof mass is always confined by the potential to kinetic energy
conversion member - the spring. That means the sensitivity of the sensor is a
compromise between the spring flexibility and proof mass magnitude [31-35]. For the
proposed 2D resonant microbeam accelerometer, the microbeams connecting and
suspending the proof mass function as springs, and the proof mass is working as the
active member responding to an external acceleration and applying on the microbeam
an axial force to change a certain physical performance e.g. to shift the natural
frequency of the microbeam. The simulation result indicates that, the response
sensitivity, such as the shifted frequency of the microbeam due to the detected
acceleration, is dominated by the dimension of the structural component i.e. microbeam
and the proof mass. That is, the longer, and thus more flexible, the microbeams are,
the more sensitive the 2D accelerometer is for a given proof mass dimension [32]; and
the larger the proof mass is, the more sensitive is for the device with a given microbeam
length. Typically, for a device with geometry constraint, whose total area is fixed, that
is, increase the length of the microbeams will also reduce the width also the area of the
squared proof mass. Accordingly, there should be an optimum compromise to arrange
the dimension for microbeam and proof mass to configure a most sensitive

microaccelerometer. To raise the sensitivity of the 2D accelerometer, a sensitivity
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function S of geometric parameters is defined and evaluated by using the derived model.
The evaluation result shows that, the maximum sensitivity S is achieved, when an
optimum geometric dimension arrangement - the length of the microbeam equals to one

half of the width of the square proof mass is assigned.

5.2. Dimension to be concerned for sensitivity

Figure 12 shows the geometry of the microaccelerometer. The width of the
anchor frame is W. The symbols / and w are respectively the length and the width of
the microbeam, and L is the width of the proof mass. The thickness of the proof mass
and the microbeam are identical and represented by %4 as shown in Figure 1(b) in
Chapter 2 or 3. These geometric parameters are the major concern for evaluating

sensitivity of the microaccelerometer structure.
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Figure 12. The characteristic dimensions /, w, L to be optimized to raise

the sensitivity of the microaccelerometer. (Repeat)

5.3. Definition of Sensitivity Function
The simulation in Chapter 3 shows that, the mechanical sensitivity is connected to
the dimensional arrangement for the microbeamand the proof mass. Thus, to

investigate the sensitivity-dimension relationship, the microaccelerometers confined by
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W=L+2l is considered and evaluated to find an optimal dimension arrangement for the

microbeam and the proof mass to raise the sensitivity of the microaccelerometer.

5.3.1. Optimization of Structure Dimension

According to [32] the sensitivity function is defined as

(14)

where OS represents an output signal, and AOS is a variation of OS due to an external
application P. By imposing a geometric constraint, a maximum sensitivity S can be

found.

5.3.2. Structure Dimension Arrangement and Mechanical Sensitivity

In this work, the concerned output signal OS, the signal variation AOS, and the
external application P shown in Eq. (14) are respectively the natural frequency fy of
microbeam, the frequency shift due to one G variation, i.e. A(G), and the acceleration G.
The connection between f; and Af{G) is shown in Eq. (15), and Eq. (14) can be
represented as Eq. (16).

In order to realize how the sensitivity is related to the dimension arrangement for
the proof mass and microbeam, some illustrated microaccelerometers with thickness 4
of 20 um and confined by the dimension arrangement of W=L+2/=6000 um are

evaluated using Eq. (16).

A (G,L,1,w)= f(G,L,L,w)— f,(L,1,w) (15)
N
S(L,7,w)= 76 (16)
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Figure 36(a) displays the result of using Eq. (16) to evaluate the sensitivity

function S(L,/,w) for the illustrated microaccelerometers. It shows that, for the same

length, a narrower width induces a more sensitive microbeam. However, the most
important result is that, when the length / of microbeam (1500 pm) is equal to one half
of the width L of proof mass (3000 pum), the microaccelerometer is most sensitive.

Figure 36(b) is a part of Figure 36(a), which shows that for microbeams having wider

width w, the maximum sensitivity will decrease.

It indicates that there is an inverse
proportional relation between the beam width and the sensitivity.

Acceleration Detection Sensitivity S(,w)

Sensitivity (%/G)

Figurer 36 (a). Sensitivity evaluation for the illustrated

microaccelerometers.
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Figure 36(b). Magnifies of Figure 36(a), for microbeams with thickness
ranged from Spum to 10um.

Figure 36. The sensitivity evaluation of microaccelerometers with

thickness / of 20 um, confined by W=L+2/=6000 pum.

In contrast to Figure 36, Figure 37 describes the maximum detectable acceleration,
which is limited by the compression of Eq. (11) applied on the microbeam, and the

maximum compression has to be less than the buckling loading of the microbeam in Eq.

(12).

For the same length, although the wider microbeam the dopy is to respond to a

small acceleration, it is able to measure a larger acceleration before buckle.

In other
words, when the sensitivity increases, the maximum measurable acceleration decreases.
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(11) (Repeat)
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4”1 ZEI (12) (Repeat)
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In addition to the sensitivity consideration, it is necessary to design a proper
separation between the movable proof mass and the underneath substrate to prevent the
proof mass and microbeam from contacting the substrate during operation.

FEA is used to estimate the vertical displacement of proof mass due to

Z-directional gravitation or acceleration. Figure 38 shows that, the displacement

variation tendency of the proof mass is similar with that of the sensitivity distribution
depicted in Figure 36(a), and the maximum vertical displacement of the proof mass also

appeared when / equals to L/2.
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Figure 37. The distribution of the vertical displacement of proof mass due to

Z-directional gravitation or acceleration.
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Figure 38. The maximum detectable acceleration for the illustrated

microaccelerometers.
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Figure 39. The dimension of the separation v is to be optimized to

maximize the capacitance change ratio for the capacitor under a voltage
application.

55



5.4. Optimization for Capacitor Dimension
When a voltage V is applied across the microbeam and the electrode pad, an
electrostatic field is established, as shown in Figure 40(a), and an electrostatic force f,

[31] is generated using the hypothesis of the parallel-plate capacitor:

ey (17a)

Where ¢y is the permittivity constant and 4. is the area of capacitor plate.
By static analysis, the released and movable microbeam, as shown in Figure 40(b),

is attracted by the electrostatic force of per unit length g., where

7.5 goé ’
2d

(17b)

The deflection curve y(x) of the microbeam, deflected toward to the electro pad is

)= Lo {i(z_zv)[vz v 202 }xz L _%(x_v)‘*}

T EI| s
(18)

where two distinct separations v shown in Figure 40(b) are respectively used to separate
the electrode pad from the proof mass, and from the anchor.

The original gap d, between the microbeam and the electrode pad decrease to d due to
the deflection y(x) caused by the electro static force ¢., and accordingly the original
capacitance Cj is increased to C

Where
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C, = = S0 (1-2v) (19)

and

C= TdC = gohlde
v v %o

y(x)

(20)

According to Eq. (17b), when the microbeam deflects toward to the electrode pad,
the unit electrostatic force g, is increased corresponding to the decreasing gap d between
the electrode pad and the microbeam. However, according to Egs. (17b) and (18),
under the application of a constant voltage, there should be a transformation between
strain energy stored in the deflected microbeam and the work done by the electrostatic
force g.. That is, an initial g. not only decrease gap between the microbeam and the
electrode pad from dj to d but also increase ¢, itself and the strain energy in the bent
microbeam, thereby the interaction of further decreasing gap d and the increasing ¢, are
finally equilibrium as more strain energy has been stored. However, for a small
deflection, the described complex nonlinear phenomena can be simplified by assuming
the unit electrostatic force ¢g. is constant, and varying little as the gap d decreasing.
Thus, the deflection curve y(x) of the microbeam caused by the electrostatic force g., as
shown in Eq. (18), can be estimated by using the classic mechanics of material.

Under the assumption of applying a constant electrostatic force ¢., the change ratio of

the capacitance S(v) with respect to the separations v is defined below,
NOEE=— 21)

where AC=C-C,
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From Egs. (17) to (21), it can be concluded that the change ratio of the capacitance
S(v) is not only dominated by the gap d and the applied voltage ¥V, but also the

separations v.
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Figure 40(a). Voltage V' is applied across the microbeam and the
electrode pad, and an electrostatic field is established.
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Figure 40(b). The electrostatic force g, generates and attracts the
released microbeam to deflect along the y-direction toward to the
electrode pad and forming a deflection curve y(x).
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Figure 40. Dimension optimization for separation v.
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Capacitor Dimension Optimization
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Figure 41. The change ratio of the capacitance S(v) of the capacitor of the
microaccelerometer under the application of a voltage at 10V. The length / of

the microbeam is 1500um, the separation v and gap d are respectively ranged
from 0.1 /to 0.5 /and 2 to 7 um.

Figure 41. Shows the change ratio of the capacitance S(v), for the capacitor form by

the electrode pad and the microbeam shown in Figure 40, under the application of a
voltage at 10V. In this simulaiton, the length / of the microbeam is 1500 um, which

forms the one plate of the capacitor, and the separation v and the gap d are in the range

from 0.1 / to 0.5 / and 2 to 7 um, respectively. In Figure 41, the maximum change
ratio of the capacitance appears around v = 0.15 / to v = 0.2 / for the given gap d.

In
general, S(v) increases as the gap d decreases.
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5.5. Summary

To design a resonant microbeam microaccelerometer structure with highest
sensitivity, a sensitivity function of geometry parameters is defined. The analytical
model derived in Chapter 3 is used to evaluate the sensitivity for the proposed
microaccelerometer confined by a dimension constraint. The sensitivity evaluation
result reveals that, when the length / of the microbeam and the width L of the proof
mass have been specified, a microbeam having a narrower width w leads to a more
sensitive accelerometer, however, in case of the microbeam width w has been specified,
the optimum dimension arrangement to achieve a microaccelerometer with highest
sensitivity is to assign the length of microbeam equal to one half of the width of the

proof mass.
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Chapter 6

Discussion

6.1. Modeling and Geometry

The symmetrical and orthogonal characterizations of the structure makes the
proposed microaccelerometer is able to decouple a planar acceleration into two
independent components and the compactness of the proposed microaccelerometer
shown in Figure 1, let a simple analytical model can be derived to represent the
response i.e. the natural frequency shift of the microbeam due to the acceleration.
Microbeam with high-aspect-ratio provides itself rigidity to against the gravitation and
thereby reduce the deformation due to gravitation. The largest shrinkage of the 1000
um long microbeam before bulking is about 0.007 pum, and the response of the
accelerometer structure induced by the acceleration does not cause any significant
geometric deformation but a physical effect, such as the natural frequency variation of
the microbeam induced by the axial force, that implies, the little deformation of the
structure makes the analytical model always in coincidence with the geometry and the
dimension of the microbeam. Therefore the derived model is reliable in acceleration

detection.

6.2. Mechanical Sensitivity and Structural Dimension

Typically, the performance of a microaccelerometer is dominated by the designed
microstructure [11, 32, 36]. That is, structural geometry, response, electrical reaction
region, sensitivity and rigidity of the device are the major factors have to be concerned
in designing the microstructure. In design the configuration for the proposed
microaccelerometer, the structural geometry is deliberated by qualitatively complying

with above factors. However, the dynamic response, such as the linear natural
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frequency shift of the microbeams due to the acceleration, is evaluated quantitatively by
a derived model and FEA. And the most sensitive structure, the optimal dimension
ratio is 1:2 for the microbeam’s length to the width of the proof mass. The maximum
capacitance change ratio under a voltage application for the capacitor disposed on the
sidewall of the microbeam is about v = 0.15 / to v = 0.2 [ for the given gap d,. In

general, the capacitance change ratio increases as the gap d, decreases.

6.3. Fabrication

In addition to the design considerations mentioned above, to verify the capability
of manufacturing the microstructure with high-aspect-ratio, a prototype made of nickel
is shown in Figures 7 and 8, which is electroplated by using SU-8 mold [10, 11].
Figure 8 demonstrates the degree of freedom of using UV-LIGA process to fabricate the
high-aspect-ratio structure. This degree of freedom in fabrication is available to
enlarge the capacitor area disposed on the sidewall of the microbeam along the direction

of the structural height, and the capacitance is thereby increasable.
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Chapter 7

Conclusion and Future works

7.1. Conclusion for Design, Fabrication and Optimization

1.

2.

The derived 1D analytical model is verified by FEA.

Frequency shift principle is used to get a linear response, and the largest
mechanical non-linearity is about 10% FSO (Full Scale Output).

Structure with high-aspect ratio is used to enhance the rigidity to resist the
vertical acceleration, and the vertical deformation is less than 0.05 ¢ m under
gravity.

Geometry symmetry can decouple a planar acceleration into two independent
components. The cross-axis sensitivity is less than 0.002%, thereby the
derived 1D model can be used to evaluate a 2D acceleration.

The optimization results show that, when proof mass’ width is twice of beam’s
length, the structure is most sensitive.

Dimension optimization can increase the sensitivity up to 8%/G..

The electroploated Ni microbeam with 4 um width show that, the adopted
UV-LIGA process can meet the dimension requirement for the microbeam with

5 wm width in simultion.
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7.2. Future works
1. Design - Complete the accelerometer system consisting of mechanical structure
and circuit.

e  Design the structure dimension according to a practical spec
requirement.

e  Dynamics Evaluation and Characterization (Mechanical Plant)

e  Capacitance and Electrostatic Force Evaluation (ME interface)

e  Design and Implement Phase Lock Loop (PLL) circuit; Controller,
Electric Hardware

e  Control Algorithm Development; Controller, Software or Firmware

o  Test

2. Fabrication - Use SOI and Adopt DRIE with Anodic Bonding Process

- NeoStones can offer this process.
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Figure 42 (a). The dimension arrangement of the

microbeam-capacitor configuration.

Original Capacitance C0
[
S
(]
@]
g
3
5
@)
) _ ' 04 5
Seperation v (/; /=1500 : il 6 Gap
microns) (micron)

Figure 42 (b). The distribution of original capacitance Co when h=20 1z m.

Figure 42. The estimation of original capacitance Co.

65



Proof MMass

Microbearn — ]

AC

!
Vd VpJ7

-

s Vs
|
a\ + |-
N | i
* Freq
90 Deg Det — Fa
v .| Ampl - +
Det REF
\i
Drive
- C(S
Gen ©)
1

AC
Vd Vp J7
Figure 43 (b). Schematic diagram of PLL.

Figure 43. Schematic diagram of driving, sensing circuits and PLL.
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