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Abstract

This dissertation details the design, FEA simulation, fabrication, and testing of three
variations of micromachined vibration isolators (MVIs). The vibration isolators serve as
low pass filters to attenuate high frequency mechanical excitation in order to improve both
MEMS sensor fidelity and lifespan. Isolators are designed for integration of a small ( 3mm
x  3mm) MEMS sensor package and boast a sub-1 cm? footprint. For all isolator variations,
the fundamental geometry consists of an outer frame to be fixed to the substrate of interest,
a central platform to accommodate the isolated sensor, and springs for attachment of the
frame and platform. Devices are fabricated via a double-sided lithography process using <
100> silicon-on-insulator (SOI) wafers. Laser Doppler vibrometry is performed to investigate
the frequency response of each isolator variation across a 6.2 kHz bandwidth. Alternative
methods of MVI fabrication including fused deposition molding (FDM), stereolithography
(SLA), and two-photon polymerization (TPP) are discussed.

Additionally, this dissertation introduces the use of nickel (Ni) and copper (Cu) mi-
crofibrous meshes (MFMs) and Sorbothane® and polydimethysiloxane (PDMS) viscoelas-
tic polymers to damp the dynamic response of MVIs for shock and vibration reliability
in mechanically harsh environments. The MFMs are attached to the microisolators post-
fabrication via solder attachment. We then investigate the transmissibility of the undamped
and damped vibration microisolators using laser Doppler vibrometry. The peak transmis-
sibility of the microisolator is significantly reduced for all four cases of polymer or MFM
damping. Experimental results are compared to the FEA simulated transmissibility and to
the analytically calculated transmissibility.

Lastly, MVI performance is validated by the integration of a wide bandwidth piezo-

electric acclerometer. The accelerometer output for the isolated and unisolated cases are
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compared. The experimental results confirm successful isolation of the accelerometer from

high frequency excitation.
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Chapter 1

Introduction

Since the introduction of the resonant-gate silicon transistor by Nathanson and Wick-
strom in 1965, the diverse set of engineering devices utilizing microscale mechanical sens-
ing and/or actuation, often fabricated using similar methods as integrated circuits (ICs),
has come to be known as microelectromechanical systems (MEMS) [1], [2]. The excellent
mechanical properties of single crystal silicon and other materials used in IC fabrication
allowed for the rapid development and implementation of MEMS sensors and actuators [3].
The prevalence of MEMS in current daily life is vast with applications ranging from but
not limited to motion, pressure, and gas sensors in automobiles, microphone transducers
in smartphones and laptops, resonant mechanical filters for RF communications, disposable
sensors in medicine, and high-throughput microsystems for drug screening in biotechnology
[4], [5]. This widespread success of MEMS technology has generated significant interest in
the integration of MEMS sensors into harsh environments.

Integration of MEMS sensors and actuators into harsh mechanical environments re-
quires careful consideration in order to mitigate both structural damage and inaccurate
sensing or actuating of the integrated sensor. This dissertation details the use of vibration
isolation via a micromachined isolator to allow MEMS sensor integration into mechanically
harsh environments. Additionally, this dissertation discusses novel methods of damping the
transmissibility of the fabricated isolator. Chapter Two provides a literature review of both
reliability concerns in harsh environments for mechanical sensors (Section 2.1) and a sum-
mary of previously designed and fabricated micromachined isolation systems (Section 2.2).
Chapter Three details the theory of vibration isolation for lightly damped (Section 3.1) and

heavily damped (Section 3.2) vibration isolators. The vibration isolation damping theory



for Kelvin-Voigt solid and Maxwell fluid damped isolators is detailed. Chapter Four details
the design (Section 4.1), fabrication (Section 4.2), and dynamic performance testing (Section
4.3) of three micromachined isolator variations using a silicon-on-insulator wafer as a fabri-
cation substrate. Additionally, Section 4.4 discusses a few alternative technologies that may
be applied to the fabrication of micromachined vibration isolators using additive manufac-
turing. Chapter Five introduces the use of four different damping materials (two polymers
and two microfibrous meshes) as a means of reducing the peak dynamic response of a fab-
ricated isolator. The simulated and experimental performance of each damping material is
compared. Section 5.5 investigates the use of alternate damper geometries to tune microma-
chined vibration isolator frequency response. Lastly, Chapter Six presents the integration
of a wide bandwidth piezoelectric accelerometer to validate the isolation performance of the

fabricated isolators.



Chapter 2

Motivation and Background

2.1 Mechanical Sensor Reliability Concerns in Harsh Environments: A Moti-

vation

The success of MEMS devices in sensing and actuating applications has lead to inter-
est in their introduction into mechanically harsh environments. Examples of mechanically
harsh environments include aircraft [6], spacecraft [7, 8, 9], industrial machinery [10, 11, 12],
and ballistics [13, 14]. These environments possess mechanical excitation well into the kHz
regime and transient shock accelerations as high as thousands of g’s. In the case of ballis-
tics, bandwidths can exceed 20 kHz with average accelerations approaching 20,000 g’s and
transient accelerations in the hundreds of thousands of g’s [13, 14, 15].

The wide bandwidths and high sensitivities exhibited by many MEMS devices, such as
accelerometers, gyroscopes, and micromirrors, along with their decreasing cost per sensing
axis enabled by wafer-scale batch fabrication make them natural candidates for sensing and
actuation applications in harsh environments [16, 17]. However, the wide-bandwidth and
high acceleration excitations present in harsh environments can lead to a number of failure
mechanisms in commercial grade MEMS devices.

MEMS device failure mechanisms can be categorized as either destructive or operational
[18]. Destructive device failure results from damaged sensing or actuating structures. Oper-
ational device failure results from inaccurate sensing of desired measurands due to changes
in device sensitivity.

Destructive device failure mechanisms in MEMS are numerous and have been studied
extensively. The destructive failure mechanisms due to high acceleration shock impulses

include fracture, delamination, and stiction [19]. Mechanical fracture is the separation of

3



Table 2.1: Specific Examples of Harsh Environments

Peak Peak

Environment Specific Example Bandwidth  Accel. Reference
(kHz) (G’s)

Aircraft PCBs on airplane 2 A few 6]

Spacecraft Mars Microprobe 10 100,000 [9]

Industrial Combustion Ignition

Machinery Engine Block 16 100 [10]

. Rockets,
Ballistics Artillery 20 >100,000  [13, 14]

a single structure into multiple structures due to the application of stress. Fracture failure
results from stresses exceeding the yield strength of the accelerated MEMS structure. Frac-
ture failure has been widely studied for a number of MEMS devices including accelerometers
[20, 21] and microengines [22]. Srikar and Senturia suggest that for large duration shock
impulses (> 50 s) many MEMS structures and their corresponding substrates act as rigid
bodies which render the MEMS structures immune to shock-induced stress waves [19)].

Delamination refers to the debonding and reduction in adhesion between two or more
material layers. This is one of the most common failure mechanisms in MEMS and micro-
electronic devices [23]. In [22] Tanner reports that delamination of device packaging under
high g shock loads is responsible for more device failures than device fracture. Delamination
can often occur via the complete detachment of the MEMS device from its packaging sub-
strate which can cause secondary failure mechanisms such as fracture of wire bonds. Meng
et al report packaging failures account for about 75% of total failures in free-fall board-level
drop tests. In contrast, device failures only account for 25% of failures [24].

Stiction can also occur in MEMS devices under considerable shock loads. Due to the
high surface area to volume ratios of MEMS structures, surface forces are considerable [25].
If structures are displaced beyond their intended range and make contact with adjacent
surfaces, these surface forces can result in permanent adhesion. The physical mechanisms

resulting in stiction are broad. They include Van der Waal’s force, capillary force, chemical



Figure 2.1: Examples of destructive failure mechanisms in MEMS. (a) Fracture of a can-
tilever beam [28]. (b) Debris caused by vibration-induced wear between two surfaces [29].(c)
Delamination of an Al layer on polyimide substrate [30]. (d) Examples of lateral and vertical
stiction in an array of cantilever beams. Vertical stiction is the adhesion of the beams to the
substrate and the lateral sticition is the adhesion of the beams to one another [31]
bonding, electrostatic charging, and residual stress [26]. The probability of device failure
due to stiction in micromachined accelerometers has been experimentally demonstrated to
be proportional to the magnitude of the shock acceleration [27].

Vibration-induced failure modes in MEMS sensors include wear and fatigue. Wear is
the removal of material from a surface as a result of mechanical action [32]. Abrasive wear
occurs when a hard surface contacts a softer surface during harmonic excitation and gradually
removes material from the softer surface. Additional types of wear include corrosive wear,
in which the removal of material is the result of a chemical reaction, and surface fatigue
wear, which is common in rolling interfaces where cracks can propagate parallel to a surface

under cyclic loading [25]. Previous work by Tanner et al demonstrate widespread failure of

micromechanical components due to wear and mechanical resonance when subjected to stress



frequencies from 860 to 3000 Hz [33]. Polysilicon layers have been shown to be particularly
susceptible to wear compared to harder MEMS materials such as diamond-like carbon, single
crystal silicon, silicon nitride, and silicon dioxide [34]. In addition to the loss of material
in critical structures, the debris generated from wear is problematic. Debris can wedge into
cavities or channels and impair appropriate structure displacement for sensing or actuation.

Fatigue refers to the progressive, localized structural damage that occurs when cyclic
loading does not exceed a structure’s yield strength. Fatigue begins with a small fracture
occurring at a point of high stress and the fracture slowly propagates throughout the material
[25]. Cyclic fatigue is the most common failure mechanism in structural materials [35].
Fatigue of MEMS devices under prolonged harmonic excitation is well studied. As with wear,
polysilicon is particularly susceptible to fatigue. Bagdahn and Sharpe report significant
reduction in tensile strength of polysilicon actuators due to cyclic fatigue where tensile
strength loss is proportional to number of cycles and independent of excitation frequency
across at 50 to 6000 Hz bandwidth [36]. Additionally, fatigue has been demonstrated to
reduce the resonant frequencies of polysilicon and single crystal silicon resonators after cyclic
loading [37, 38]. Single crystal silicon resonators in ambient air and under cyclic loading can
fail at cyclic loads just 50% the single cycle failure load [38]. Recent work by Alter et al
demonstrate failure of thick (20 m) epitaxially grown polysilicon beams due to fatigue
in vacuum-packaged environments. The polysilicon samples typically fail at stresses above
1.5 GPa at temperatures from 25 °C to 250 °C independent of contributions from natively
grown oxide or environmental conditions [39)].

The most common operational failure mode of MEMS sensors in harsh environments
is increased sensitivity due to ambient acceleration. Acceleration sensitivity refers to the
frequency instability of a resonator caused by mechanical vibration in the environment.
Applied acceleration due to vibration acts on the effective mass of the resonator resulting in
stress and strain in the resonating structure. The acceleration sensitivity arises from both

geometric nonlinearity and material nonlinearity. Geometric nonlinearity occurs when the



dimensions of the resonant structure are altered due to sufficiently high strain and material
nonlinearity occurs when the strain-dependent material properties of the resonant structure
are altered via strain introduced by the ambient vibration. Each of these mechanisms results
in a shift in the mechanical structure’s resonant frequency [40]. Acceleration sensitivity is
mathematically modeled as and experimentally demonstrated to be a vector quantity. The
total acceleration sensitivity of a device can be considered the vector sum of the acceleration
sensitivities along the principal reference axes.The resonator frequency shift is proportional to
the scalar product of the acceleration sensitivity vector and the acceleration of the resonator
[41]. This results in many devices composed of materials with anisotropic elastic parameters,
such as single crystal silicon (SCS), exhibiting acceleration sensitivities that differ along their
principal reference axes. For example, SCS exhibits greater acceleration sensitivity in the
direction normal to the <100> plane than in the direction normal to the <110> plane. This
is likely a result of a lower Young’s modulus and higher Poisson’s ratio in the <100> plane
relative to the <110> plane [40].

Filler first reviewed the acceleration sensitivity in bulkwave quartz crystal oscillators
(QCOs) for both steady-state acceleration and harmonic vibration [41]. Vibration induces
a frequency modulation effect on the oscillator output which results in the presence of side-
bands. Filler’s initial study was motivated by the increasing use of QCOs as precise timing
devices in a number of fields such as navigation, communication, and radar where the ambi-
ent conditions are characterized by harsh, external vibration.

Acceleration sensitivity in surface acoustic wave (SAW) resonators and surface trans-
verse wave (STW) resonators in discussed by Kosinski and Gualtieri in [42]. They note that
neither SAWs nor STWs confer any reduction in acceleration sensitivity advantage relative
to each other. Instead, the acceleration sensitivity of acoustic resonators is predominately
a function of substrate dimensions and dimensional tolerances. Tiersten et al demonstrate

analytically that the in-plane sensitivity of a SAW is increased by thickening the device



substrate and that the out-of-plane sensitivity is correspondingly decreased [43]. Microma-
chined vibration isolators are first introduced in order to reduce the acceleration sensitivities
in SAWs and STWs [44, 45, 46]. The emergence and development of this technology will be
discussed in Section 2.2.

The vibration sensitivity of micromachined vibratory gyroscopes (MVGs) has also been
well investigated. MVGs can be considered one of two types. Type I MVGs measure absolute
angle of rotation while Type IT MVGs measure angular rate of rotation. Typically, Type I
MVGs exhibit a geometry that is rotationally symmetric about the sensing axis. Examples
include ring MVGs, disk MVGs, and wine glass mode MVGs [47]. High frequency vibration
can induce flexural modes in ring MVGs which lead to responses that are indistinguishable
from the desired gyro ouput. Additionally, undesired coupling effects can be amplified due
to fabrication imperfections in Type [ MVGs. Fabrication imperfections can result in a loss
of symmetry in the MVG. This asymmetry results in the undesired coupling of translation
and flexural modes. Translation motion can then be coupled into the flexural sense mode
resulting in compromised rotation sensing [48].

The most common Type IT MVG architecture is the tuning fork gyroscope (TFG). TFGs
operate via the Coriolis principle where a proof mass is suspended above a substrate with
anchor flexures that connect the proof mass and substrate. This configuration allows the
proof mass to oscillate in two orthogonal modes: a drive and a sense mode. A drive mode
is generated via electrostatic force at a constant amplitude and the measured sense mode is
induced under rotation about the anchor flexure axis [47]. As in Type I MVGs, fabrication
imperfections result in vibration-induced errors in TFGs. In particular, mass and stiffness
imbalances can result in critical sensing error [49]. While fabrication imperfections can re-
sult in vibration-induced error in TFGs, even ideal TFGs are not immune to error due to
vibration. Three major sources of error under vibration for ideal TFGs are (1) capacitive

nonlinearity at the sense electrodes, (2) capacitive nonlinearity at the drive electrodes which



results in asymmetric electrostatic force along the sense direction, and (3) capacitive non-
linearity at drive electrodes resulting in asymmetric change of drive capacitance. Yoon et al
suggest that external vibration in the sense axis may result in the most pronounced error
as this failure mechanism is implicated in each of the three sources of error. Additionally,
induced error is proportional to TFG quality factor (Q) [50].

Vibration sensitivity has been studied for a number of additional oscillating MEMS
devices. The vibration sensitivities of square-shaped, Lame mode oscillators and double-

ended tuning fork oscillators have been demonstrated to be comparable to those of QCOs

51, 52].

2.2 Micromachined Vibration Isolators: A Background

A common technique for the reduction of unwanted excitation in a system is vibra-
tion isolation. Vibration isolation is the technique of controlling vibration by interposing
compact, resilient connections between the vibration source and its surrounding structure
(source isolation) or between the surrounding structure and the vibration receiver (receiver
isolation) [53]. A simple macro-scale example of source isolation is the insertion of vibration
isolators between industrial equipment and their support structures. The isolators reduce
the transmission of vibration from the equipment to the support structures and surrounding
environment. A simple macro-scale receiver isolation example is the decoupling of electronics
on an aircraft from the harsh vibration environment during flight using an isolation mount
[54].

Vibration isolation can be either active or passive. Passive vibration isolation typically
utilizes springs, masses, and dampers to ensure a desired frequency response given environ-
mental conditions and isolation requirements. The theory of passive vibration isolation will
be treated in Chapter 3. Active vibration isolation utilizes feedback control in which motion
is measured and compared and force is applied to the system to achieve desired isolation

results [55].
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from Yoon [58].

Given the performance concerns discussed in Section 2.1, vibration isolation is critical
to improve the lifespan and reliability of MEMS sensors in harsh environments. However,
integrating a large-scale isolation system is difficult and it introduces components that may
be cumbersome and even destructive to the operation of the device being measured. Thus,
the need for a non-invasive isolation system on the scale of the MEMS sensor of interest is
paramount.

One such technology that meets the aforementioned criteria is micromachined vibration
isolators (MVIs). MVIs are passive filters that are fabricated using standard IC fabrication
processes such as photolithography, Si etching, and thin-film deposition. They typically
possess features on the scale of tens of microns to a few millimeters. MVIs are first introduced

by Reid in order to reduce the vibration sensitivity of acoustic wave resonators [56]. The
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designed MVI consisted of a central isolation platform which housed the STW resonator
and four support arms connecting the platform to a support rim [44]. Mechanical resonance
occurred at 1.1 kHz and the isolator exhibited a 40 dB/decade rolloff at frequencies greater
than 1.2 kHz.

Dean et al applied MVIs to the isolation of MEMS gyroscopes [57]. The constructed
MVI consisted of a 2 ecm x 2 cm outer frame with eight springs attached to a 1 cm x 1
cm central proof mass pad. The isolated MEMS gyro was attached in die form to the
central proof mass pad. The gyroscope electrodes were wirebonded to pads on the isolator
central proof mass pad which connected to electrical readout traces along the springs for
data probing along the outer frame. The MVI exhibited a resonant frequency of 885 Hz.

Yoon et al further developed MVIs for gyroscope isolation through the design and
fabrication of a high-order MVI [58]. This MVI provided both lateral and vertical isolation
by bonding multiple isolators (platforms) with the assistance of a guide wafer. The stopband
attenuation of an MVI can be improved with additional isolation platforms. For N platforms,
the MVI acts as a 2-Nth order low pass filter (LPF). Thus, the inclusion of additional
isolation stages further reduces the acceleration sensitivity of the isolated device in the
isolator’s isolation region. However, the fabrication complexity is significantly increased
with additional isolation stages. The MVIs fabricated in [57] and [44] require just a single
SCS wafer while the MVT fabricated in [58] required four wafers: a double-side polished SCS
wafer, a Pyrex 7740 glass wafer, a single-side polished substrate SCS wafer, and a guide SCS
wafer. The fabricated MVI exhibited a lateral resonance at 1.3 kHz with a Q of 2.2 and
achieved attenuation beyond 2.1 kHz.

Silicon is not the only material to be proposed as a micromachining substrate for MVI
fabrication. In [59], a vibration isolator is proposed with spring flexures composed of a silicon-
based polymer, polydimethylsiloxane (PDMS). The use of polymers as both a vibration

isolator substrate and as a damping material is discussed in Sections 4.5 and 5.2, respectively.
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Chapter 3

Vibration Isolation: Theory and Performance
3.1 Single Degree-of-Freedom Vibration Isolator

A single degree-of-freedom MVI can be modeled as a spring-mass-damper system with
an excited base as shown in Figure 3.1 [60]. The mass of the system, M, corresponds to the
combination of the masses of the isolated device and the MVI’s central platform. The excited
base models the outer frame of the MVI as rigidly connected to the substrate of interest and
the system stiffness, K, is contributed primarily by the MVI’s support arms. System losses, b,
are contributed by a number of mechanisms including viscous damping, mechanical energy
loss at the spring-outer frame and spring-central platform interfaces (anchor losses), and
material losses in the resonant structure due to conversion of elastic energy to heat [62].

The time-domain displacement of the substrate under excitation is given by Xs(t) and
the displacement of the isolated mass is Xm(t). The governing equilibrium time-domain

equation is:

@%Xm b@xm @xs

M(w)ﬂL <W E>

+K(Xm Xs) =0 (3.1)

3.1.1 MVI Displacement Transmissibility

The single stage MVTI is a second order low-pass filter. After converting to the Laplace
domain and solving for X (s) divided by Xs(s), the Laplace domain transfer function of the

system is given:

H(s) = - M>Twm (3.2)



System

losses, b stiffness, k

X(t)

Figure 3.1: Vibration isolation system model with excited base or subframe.

Substituting in the damping ratio, , and the system natural frequency, !,, into Eq.

3.2 the transfer function, H(S), can also be considered:

2 1 s+12
H(s) = L 3.3
(s) 242 Is4 12 (3:3)
Where the damping ratio is defined:
b
= 3.4
2M 1, (34)

The system transmissibility is defined as the normalized displacement of the mass di-
vided by the excited base displacement as a function of excitation frequency, . Taking the

magnitude of H(S) yields the system transmissibility:

i )
_Xm(1) W 1+ (2 )2
T Xs(!) o (1 %)24_ 2 "_n)z (35)
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Figure 3.2: Microisolator transmissibilities for varying damping ratios, , as function of

normalized excitation frequency.

3.1.2 MVI Frequency Response

Two critical parameters, when designing MVIs, are the quality factor, QQ, and the natural
frequency, 1y, of the device [63]. Generally, Q refers to the ratio of average stored energy
divided by the energy lost per cycle [61]. Because MVIs can be considered resonators, the

Q is inversely proportional to damping. For lightly damped resonators [62]:

The undamped natural frequency, 1,, in radians per second is given by:

| g

LS (3.7)

LI M

Figure 3.2 displays the transmissibility profiles for MVIs of varying damping ratios and
quality factors as a function of excitation frequency divided by natural frequency. Note that

lower damping results in a higher maximum transmissibility and higher attenuation, and
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greater damping results in lower transmissibility with reduced attenuation. The transmissi-
bility profile of an MVI can be divided into two regions: the amplification region, in which
the transmissibility of the isolator is above unity, and the isolation region, in which the trans-
missibility drops below unity. The frequency at which this transition occurs is considered
the isolation frequency. For all second-order excited base systems, the isolation frequency

can be defined:

Viso =" 2('n) (3.8)

3.1.3 Transmissibility and Acceleration Sensitivity

Ambient acceleration acting on a resonant device results in a shift of the device’s reso-
nant frequency that is proportional to the device’s acceleration sensitivity. This frequency

shift can be described mathematically [41]:

f) —fa+ T 4 (3.9)

Where fj is the unperturbed resonant frequency of the device, I!H is the device’s accel-
eration sensitivity, c'!l is the acceleration vector of the ambient environment acting on the
device, and f( g\) is the resulting, shifted resonant frequency. The introduction of a vibra-
tion isolation device amends Equation 3.9 such that the resulting frequency shift is also a

function of the transmissibility of the isolation device. The resulting expression is:

f—fha+T (T(H) &) (3.10)

|
Where the vector T (f) is the isolation device’s transmissibility at the excitation fre-

quency T such that:
|
T(F) = Tu(F)X + Ty (F)y + T.(F)z (3.11)
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Note in Equation 3.10 that the frequency shift is amplified when T (f) is greater than unity
along a particular axis (f < fig) and the frequency shift is attenuated when T (f) is less

than unity (f > fig).

3.2 Damping Phenomena in Vibration Isolators

MVIs can exhibit considerable transmissibility magnitudes when subject to spectral en-
ergy near the MVIs resonant frequency. Silicon has low mechanical losses which results in
low internal damping [64],[65]. Thus, MVIs need to be further damped in order to mitigate
resonance-induced acceleration sensitivity in isolated devices and to prevent potential dam-
age to the MVI itself. Wide bandwidth shock excitation is a particular concern. The follow

sections detail the theory, performance, and notable phenomena of heavily damped MVIs.

3.2.1 Transmissibility and Resonant Frequency Shift

For lightly damped vibration isolation systems (< 0:1), the maximum transmissibil-
ity, Tpeak, exhibited by the system and the quality factor as defined in Equation 3.6 are
approximately equal [66]. Additionally, the resonant frequency at which Tpeax occurs, Iy, is
approximately equal to the system natural frequency, 1.

However, when damping becomes considerable (> 0:1), the actual values for Tpeak and
I, deviate considerably from the previous approximations. Solving for the frequency ratio

which yields Tpeak using Equation 3.5 gives the expression for ¥, under heavy damping:

s

P
N 1+82 1
P

(3.12)

1 —
-r —

Substituting Equation 3.12 back into Equation 3.5 yields Tpeak as a function of the

damping ratio:

Tpeak — q P (3.13)
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Figure 3.3: Quality factor and maximum transmissibility deviation for vibration isolation
systems with > 0.1. These differences become considerable for systems with Q < 5.

A detailed derivation of Equations 3.12 and 3.13 is provided in Appendix A.

Figure 3.3 graphically depicts the deviation between the quality factor and the maximum
transmissibility for highly damped systems. Note that the percent difference between QQ and

Tpeak is just 2.4% for = 0:1 and almost 80% for = 1.

3.2.2 Viscoelastic Damping in Vibration Isolation

The damping treatment in the previous sections assumes that the damping mechanism
and the stiffness mechanism of the isolation system are independent of one another. However,
often materials such as rubber, viscoelastic polymers, and viscous fluids are used for damping
which contribute both damping and added stiffness to the system. Such a configuration can
be modeled as an elastically connected viscous damper [66]. Viscoelastic solids are often
approximated by the Kelvin-Voigt model and viscoelastic fluids are often approximated by

the Maxwell fluid model [67]. Figure 3.4 depicts the elastically connected viscous damper
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Figure 3.4: Vibration isolation system model with an elastically connected damper contribut-
ing additional stiffness, Kgamp, to the stiffness.(a) Maxwell fluid damping model. Damping
is added in series with the added stiffness. (b) Kelvin-Voigt damping model. Damping is
added parallel to the damper stiffness.

configuration for both the Kelvin-Voigt and Maxwell models. Note the added stiffness and
damping are in parallel for the Kelvin-Voigt model and in series in the Maxwell model.
For simplicity, it is assumed the damping contribution, b, is dominated by the viscoelastic
damper. The damper’s stiffness contribution is given by Kgamp. Note that Kgamp can be
expressed as a ratio of the isolator’s stiffness, Kiso:

kdamp =N (kiso) (3.14)

Where N is considered the stiffness ratio. The transmissibility of the Maxwell fluid

damped isolator can be given as a function of N such that [66]:

u 14 4(N+Ly2 217

] B | ' : 3.15
M axwell (1 é)z + % .—%(N +1 é)z ( )

Figure 3.5(a) presents the transmissibility curves for a Maxwell fluid damped vibration
isolator with constant N = 3 and variable damping ratios for 0:01 10. Because of the

series coupling of the fluid’s damping and stiffness, the system does not exhibit an increase
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Transmissibility for Maxwell Fluid Damped Vibration Isolators

Transmissibility for Constant Stiffness Ratio N = 3 as Function of Excitation Transmissibility for Constant Damping Ratio { = 0.5 as Function of
Frequency, Damping Ratio Excitation Frequency, Stiffness Ratio (N)
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Figure 3.5: Transmissibility curves for an elastically connected Maxwell fluid damper.
(a)Transmissibility for range of damping ratios and constant stiffness ratio. Note that for
very high damping ratios ( 1) the resonant frequency shifts upward. (b)Transmissibility
for range of stiffness ratios and constant damping ratio. As N approaches infinity the system
begins to approximate a rigidly connected damper configuration.

in resonant frequency until very high damping. As approaches 1 the resonant frequency

of the system becomes a function of the added stiffness such that:

r

w _Px +1(1,) (3.16)

rh=1 —

Figure 3.5(b) presents the curves for constant and variable stiffness ratios in the
Maxwell fluid damped isolator. Note that low values of stiffness result in increased trans-
missibility and attenuation. For increased values of N the system begins to approximate
the rigidly connected damper. The resonant frequency approaches the undamped resonant
frequency for N = 1.:

r-k
!r;N=1 = ﬁ =1, (3'17>
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Transmissibility for Kelvin-Voigt Solid Damped Vibration Isolators

Transmissibility for Constant Stiffness Ratio N =3 as Function of Excitation Transmissibility for Constant Damping Ratio { = 0.2 as Function of
Frequency, Damping Ratio Excitation Frequency, Stiffness Ratio (N)
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Figure 3.6: Transmissibility curves for a Kelvin-Voigt solid damped vibration isolator.
(a) Transmissibility for range of damping ratios and constant stiffness ratio. In contrast to
the Maxwell model, the resonance shifts downward for high damping. Resonant frequency
at both low and high damping is a function of stiffness. (b)Transmissibility for range of
stiffness ratios and constant damping ratio. As N approaches zero the system approximates
a rigidly connected damper configuration.

The transmissibility of a Kelvin-Voigt solid damped vibration isolator closely resembles
the transmissibility given by Equation 3.5. Because the spring elements are in parallel they
can simply be added such that the natural frequency is a function of the sum of Kjs, and
Kdamp:

r—
kiso + kdamp
M

(3.18)

Then the transmissibility is precisely that given in Equation 3.5 and need not incorporate
the stiffness ratio, N. Alternatively, the transmissibility can be expressed in terms of N. In

that case:

N +1+4 2(3)2

()

N+1 2(3)2+ R57 +4 25,

mCC<

(3.19)

TKerin Voigt —
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Figure 3.6(a) presents the transmissibility curves for a Kelvin-Voigt damped vibration
isolator at a constant stiffness ratio. Note the shift down in resonant frequency as the
damping ratio increases. In this model the resonant frequency approaches Equation 3.18 as
damping approaches zero. Contrast this with Equation 3.16 for the Maxwell fluid damped
system which approaches the same resonant frequency as damping approaches infinity. An
additional point of contrast is that the peak transmissibility of the Maxwell fluid damped
system approaches infinity as the damping ratio approaches infinity while the Kelvin-Voigt
damped system approaches the minimum possible transmissibility: unity.

Figure 3.6(b) presents the transmissibility of a Kelvin-Voigt solid damped vibration
isolator for a constant damping ratio. Note that the variation of N has no effect on the
transmissibility magnitudes of the system. Only the resonant frequency is shifted via the
added stiffness. Again, the Kelvin-Voigt model contrasts the Maxwell model as the expression
for resonant frequency given in Equation 3.17 is achieved at N=0 in the Kelvin-Voigt damped
isolator.

A significant portion of this dissertation discusses the novel implementation of viscoelas-
tic materials to damp the dynamic response of an MVI. These materials include microfibrous

meshes and polymers that are best modeled using the Kelvin-Voigt formulation.

3.2.3 Loss Factor Damping

The energy loss due to viscoelastic damping under steady-state vibration is often charac-
terized by the loss factor. The loss factor, unlike the damping ratio, is considered a material
parameter and is included in the consitutive equations for the Maxwell and Kelvin-Voigt
viscoelastic models [68]. Kelvin-Voigt viscoelastic materials can be considered to have a

complex modulus of elasticity, E , such that [60]:

E =E(1+j )=E"+jE" (3.20)
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Figure 3.7: Complex modulus of elasticity for viscoelastic materials.

Where E' is the storage modulus and E" is the loss modulus as shown in Figure 3.7.
Recall the modulus of elasticity or Young’s modulus is given as the ratio of stress ( ) over

strain () in a linearly elastic material [69]:

E=— (3.21)

The complex modulus in viscoelastic materials results in a complex stiffness:

k =k(1+]j ) =K +jK" (3.22)
Where s the loss factor defined as [70], [71]:

b kOO EOO
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—

x|
SN—
-

Note the frequency dependence of the loss factor. This contrasts with the damping ratio

expression given in Equation 5. At I = 1, the relation between and is:

9 (3.24)
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A critical distinction is that the loss factor is frequency specific (among other parameters
such as temperature) to a particular material and the damping ratio is mode specific to a
particular system. Often, the loss factor of a material is given as the loss factor at resonance,
but the loss factor of a material cannot be considered under non-steady-state conditions, such

as transients [72]. However, the damping ratio is still applicable.
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Chapter 4

Micromachined Vibration Isolator Design, Fabrication, and Dynamic Performance

The fundamental geometry of an MVI consists of three constituent structures: (1) a
central platform which accommodates the isolated device or sensor, (2) an outer frame which
is affixed to the substrate under study, and (3) spring flexures which couple the outer frame
to the central platform. Figure 4.1 demonstrates the MVI fundamental geometry with an
added sensor package. The MVIs discussed in this dissertation are intended to accommodate
small, commercially-available, pre-packaged surface-mount devices (SMDs). A few previous
MVT designs have incorporated unpackaged devices, yet the fundamental geometry remains
the same.

The isolator geometry ultimately defines the performance of the isolator. Appropriate
design of the spring flexures and central platform mass is critical to ensure the isolator ex-
hibits the dynamic response necessary for desired sensor isolation. In addition to the primary

resonant mode, additional resonant modes of the MVI must be considered during design.

Sensor Package

Micromachined Vibration
z Isolator
Y\L-' Central Platform

Figure 4.1: Fundamental micromachined vibration isolator geometry and constituent struc-
tures.
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Figure 4.2: Three MVI designs. (a) MVI Variation 1, 11, with centered spring flexures.
(b) MVI Variation 2, 12, with added corner spring flexures. (¢) MVI Variation 3, 13, with
combined center and corner flexures.

The following sections will detail design principles for MVIs and a fabrication methodology
for MVIs. Three MVI designs will be compared and contrasted. A detailed description of

the design, fabrication, and testing of the first two MVI designs is published in [73].

4.1 Micromachined Vibration Isolator Design

MVI design often requires the consideration of many tradeoffs. Notably, a reduced
Q results in reduced attenuation in the isolation region (Figure 3.2) and often improved
damping results in a shifted 1, (Figures 3.5, 3.6) that differs dependent upon the damping

mechanism and severity. Additionally, the MVI designer must be aware of the ambient
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bandwidth and respective acceleration magnitudes of the environment for which the isolator
is designed.

Two parameters of utmost consequence to the isolator’s performance are the isolation
frequency, Fiso, and the peak transmissibility, Tpeak. While often the isolator’s Q and !, are
considered the most important parameters in MVI design [63], Tpeak and Fiso characterize the
filtering performance of the isolator more generally in cases of both low and high damping.
For example, the Q of a Maxwell fluid damped vibration isolator may be extremely low
due to high damping, but Tpeax iNcreases as the system becomes more damped. Thus, the
quality factor of the system is not representative of the increased acceleration sensitivity in
the MVI's amplification region. Additionally, 1, shifts downward from !, in a solid damped
MVT for increased damping. However, fis, remains the same.

Figure 4.2 displays the three MVI variations designed, simulated, fabricated, and tested
in this work. The MVIs are abbreviated the I1, 12, and I3 variations in the order they were

chronologically developed.

4.1.1 Design of Spring Flexures

The spring flexures are the most important structures in defining the frequency response
of the MVI. The spring flexures are the only coupling mechanism between the isolated sensor
and the substrate of interest. The mass and dimensions of the isolated sensor cannot be
controlled and the sensor mass may dominate the total effective mass of the system. Thus,
there is minimal control over the effective mass of the isolation system without the addition
of a countermass. However, considerable control over the effective stiffness of the system
is available in the number, geometry, and distribution of the spring flexures. Additionally,
micromachining techniques such as photolithography and Si etching allow for precise control
over flexure dimensions. A design procedure for spring flexures for a viscoelastic solid damped

MVT is presented in Appendix B.
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Figure 4.3: Beam models for spring constant estimation under concentrated load. (a)
Clamped-Guided end beam. (b) Cantilever beam. (c¢) Clamped-clamped beam. (d) Critical
dimensions for beam design and spring constant determination.

4.1.2 MVI Spring Flexure Model

The clamped-guided end beam model with a concentrated load is the appropriate model
for determining the spring constant of the MVTI’s spring flexures for the MVI’s primary out-
of-plane resonant mode [74]. The model is presented in Figure 4.3(a) and is contrasted with
the cantilever beam and clamped-clamped beam models. The model assumes that the beam
face attached to the central platform (y,z plane in Figure 4.3) moves parallel to the plane of
the rigid attachment at the other end of the beam: the outer frame in the case of an MVI.
The out-of-plane (z-axis) spring constant for a spring element of this type under concentrated
load is given:

Ewt?
kse = 3 (4.1)

Where E is the Young’s modulus, w is the width of the beam, t is the beam’s thickness,

and | is the length of the beam as defined in Figure 4.3(d). Silicon is an anisotropic material
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Figure 4.4: 13 vibration isolator with critical spring dimensions. (a)Outer frame. (b)Central
platform. (c)Spring flexure dimensions and folded spring divided into constituent spring
elements for stiffness approximation. Thickness of all spring elements is 100 m.

in which E varies from 130 GPa along the <100> direction to 188 GPa along the <111>
depending on the crystal orientation. For <100> Si wafers, the out-of-plane E is 130 GPa
[75].

The orthogonal spring constants for the guided end beam are [74]:

Etw?
Ky = =5 (4.3)

In these expressions E is along the <110> direction and is equal to 169 GPa [75].

4.1.3 Folded Spring Flexures

Often the stiffness provided by a spring composed of a single, straight beam is too

great to achieve the desired !, and fis, of the system. While beam dimensions can be
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Figure 4.5: Serpentine spring schematic: An example of a folded spring structure

modified, fabrication tolerances often limit achievable feature sizes. Notably, the thickness
of the isolator springs is often defined by the device layer thickness of a silicon-on-insulator
(SOI) wafer. Additionally, the footprint of the isolator cannot be exceeded and spring widths
must be large enough to accommodate electrical readout traces. The addition of folds to
the spring flexures allows an alternative method to reduce the system stiffness. Figure 4.4
displays the spring dimensions for the I3 MVI. An approximation of the overall stiffness of
the folded flexure can be made by considering the flexure a series combination of the three

spring elements:

1 1 1 1

kf lex kS E1 kS E> kS Es

(4.4)

Note that the definition of the spring elements is arbitrary and is made to simplify
approximation of Kgex. A similar analysis can be applied to the corner flexures on the 12
MVI. Strict derivation of spring constants for folded springs is complex and a number of
examples are presented in [74]. An approximation of the out-of-plane stiffness for serpentine

folds shown in Figure 4.5 is given in [76]:
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Figure 4.6: Center spring schematic for 11, 12 MVIs. Springs connected via rigid truss.
Spring pairs can be considered series combination of clamped-guided end beams.

t

k, Ew(n—Iel

)? (4.5)

Where n is the number of meanders or folds. The approximation holds for I, >> .

Another example of folded spring structures in the MVIs explored is the truss-connected
spring flexure in the I1 and 12 center springs. Figure 4.6 shows the truss-connected spring
flexures with the flexure dimensions. For simplicity of analysis the truss is assumed to
be rigid such that the effective spring constant can be considered a series combination of
clamped-guided end beams [77]. Equations 4.1 and 4.4 can then be applied to determine the
effective stiffness of the center spring pair.

The total spring constant for an MVI can be considered the parallel combination of the

spring flexure stiffnesses. For N flexures the total spring constant is:

kiso =N (kflex) (4.6)
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Figure 4.7: First and second eigenmodes for isolator I1 (a) and isolator 12 (b) with normalized
displacement.

4.1.4 Corner Spring Inclusion in 12

The 12 design closely resembles the I1 design with the notable addition of flexures in
the corners. The addition of the corner flexures serves two major purposes: (1) it provides
added stiffness to the rotational modes that occur after the primary resonant mode, resulting
in higher resonant frequencies for these modes and (2) it reduces the stress induced on the
center springs under acceleration. Figure 4.7 displays the first and second eigenmodes for the
I1 and 12 isolators. COMSOL Multiphysics was used for all finite element analysis (FEA)
simulations in this dissertation. The primary resonant mode is suppressed in 12 relative to
I1 due to the corner spring flexures. Also, the second rotational mode present in I1 no longer
occurs along y-axis, but at approximately 45 degrees between the y and x axes.

Figure 4.8 presents the simulated first and second eigenfrequencies (Figure 4.8 (a)) for
the I1 and I2 isolators (V1 and V2 in the image) as a function of center spring length. A 110

mg mass is applied to the central platform to emulate the mass of a sensor. The inclusion
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Figure 4.8: Critical design parameters as function of center spring lengths from 500 to
900 m for I1 (V1) and 12 (V2). (a) First and second eigenfrequencies. (b) Center point
displacement and Von Mises stress measurement at center spring/truss juncture shown in
(c) under 300 g load.

of corner flexures drives the second resonance mode to a significantly higher frequency as
compared to the I1 for longer center springs.

Figure 4.8 (b) presents a comparison of the center point displacement and the Von Mises
(VM) stress at a point defined in Figure 4.8 (¢) under a static 300 g load applied to the central
platform along the z-axis. The 300 g load condition applied to the central platform emulates
a typical low bandwidth, far field pyroshock load present in many harsh environments [78].
Both the center point displacement and VM stress at the center spring flexure/truss juncture
are notably reduced with the addition of corner flexures to the isolator. For longer center
spring lengths the Von Mises stress is actually reduced in the 12 as more stress is transferred
to the corner springs. Ultimately, 800 m and 900 m center springs are selected for the I1

and 12 isolators, respectively, for fabrication and testing.
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X (b)

Figure 4.9: First and second eigenmodes for isolator 11 (a) and isolator 12 (b) with handle
layer of central platform included.

4.1.5 Central Platform Design

The area of the central platform must be large enough to house the isolated sensor and
the electrical readout traces. An additional design decision must be made whether to keep
the SOI handle layer on the device’s central platform. The removal/inclusion of the SOI
handle layer results in fundamentally different resonant modes when the isolator is unloaded
with a sensor or test mass. The FEA results of Section 4.1.4 displayed in Figure 4.7 and
4.8 are for an isolator whose central platform has only a 100 m thickness due to Si etch
removal of the handle layer beneath the central platform. Inclusion of the SOI handle layer
adds an additional 500 m to the central platform thickness.

Figure 4.9 displays the first and second eigenmodes for the I1 and 12 with handle layer
included in the central platform. The resonant modes in Figure 4.7 are flexural modes which

exhibit bending across the central platform. This is due to the uniform thickness of the
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Figure 4.10: FEA Simulated Resonant Modes for I3 MVI with added proof mass. (a) First
eigenmode at 844 Hz. (b) Second eigenmode at 1245 Hz. (c) Third eigenmode at 1371 Hz.
Frequency split between second and third modes is due to different in-plane dimensions of
the proof mass (3 mm vs. 4.5 mm).

spring flexures and the central platform. This configuration results in a reduced Kijg, as the
central platform can be considered a spring element in series with the flexures.

In contrast, the resonant modes in Figure 4.9 show the central platform oscillating as a
uniform mass with flexing confined to the isolator’s springs. The inclusion of the SOI handle
layer provides a more equal center of mass and center of elasticity by serving as a counter

mass to the isolated sensor’s mass. Despite a five-fold increase in central platform mass, the

resonant frequencies in 12 increase and remain the same in I1 due to drastic increase in Kiso.

Table 4.1: FEA Simulated Eigenfrequencies for 11, 12 Variations

Variation 1st Eigenfrequency 2nd Eigenfre- Ratio
(kHz) quency (kHz) (2nd/1st)

I1 w/o substrate 1.432 3.5 2.44

12 w/o substrate 1.800 4.772 2.65

I1 w/ substrate  1.410 2.146 1.52

[2 w/substrate ~ 2.582 3.58 1.39
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Table 4.1 presents the rst and second eigenfrequencies for the 11 and 12 MVIs both with
and without the central platform substrate.

The I3 MVI was only fabricated and tested with the central platform substrate included.
Figure 4.10 displays the rst, second, and third simulated resonant modes for the 13 design.
A 110 mg aluminum (Al) test mass is added to the isolator to emulate the mass and boundary
conditions of an isolated sensor. The 110 mg mass is added to the 11, 12 simulation but as
a distributed mass across the central platform. The 13 emulation more closely approximates
the boundary conditions of an isolated sensor. Note the frequency split between the second
and third modes. This is due to unequal lengths of the proof mass in the respective in-plane
axes. Ideally, the two modes would be degenerate for a square proof mass. The simulated
proof mass is intended to model the Al proof masses available for experimental testing.

Table 4.2 gives the system parameters for the I1, 12, and I3 MVI variations with handle
layer substrate remaining. Note that the system mass consists of the central platform mass
plus the mass of an Al proof mass (110 mg). The spring exure sti nesses for each MVI
variation, Ksex , are estimated using the spring constant approximations in Sections 4.1.2 and

4.1.3. Note the I2 variation has both center (8 total) and corner springs (8 total). Thusk;s,

Table 4.2: System Parameters for 11, 12, and 13 MVI variations with handle layer substrate

Central Svstem Seirl:?g Egﬁ: tor Calc. FEA Sim.
MVI Platform y X ) Natural Natural
L. Mass sti ness, sti -
Variation Mass Freq., fn Freq., f,
(mg) (mg) kflex ness, kiSO (kHZ) (kHZ)
(KN/m) (KN/m)
11 30 140 1.78 14.26 1.61 1.41
2.54 (cen-
12 275 137.5 ter) 40.63 2.74 2.5
' ' 2.54 (cor- ' ' '
ner)
13 70 180 0.643 5.142 0.850 0.844
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Figure 4.11: Silicon-on-insulator wafer schematic with Si crystal orientations. (a) Top-down
view along z-axis.<100> planes are 45 from x,y axes of wafer. (b) Cross-sectional view
along y-axis. The<100> direction is normal (along the z-axis) to the surface of the wafer.

for 12 is approximated as the sum of the contributed sti nesses from both the 8 center and

8 corner springs. Natural frequencies calculated using the estimated sti nesses match well

to primary resonant frequencies observed in FEA simulation.

4.2 Microlsolator Fabrication

MVIs are batch fabricated from 100 mm diameter silicon-on-insulator (SOI) wafers
composed of a 100 m thick device layer, 500 m thick handle layer, and a 1.5 m buried
oxide layer. The out-of-plane Si crystal orientation is the< 100> plane as shown in Figure
4.11. Standard microfabrication techniques including UV lithography and deep reactive ion
etching (DRIE) of Si are used to de ne the MVI geometry and constituent structures.

One of the primary advantages of using an SOI substrate is the ability to de ne the
spring exure thicknesses with the SOI device layer. Note the out-of-plane spring constant
scales witht® as in Equation 4.1. Any process variation (inconsistent etch depths during
DRIE) yielding non-uniform spring exure thicknesses can result in widely varied spring
constants and resonant frequencies. Photolithography allows excellent control over the spring

widths and lengths but vertical features such as the spring thickness must be de ned using
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Figure 4.12: Process ow summary for fabrication of silicon micromachined vibration isola-
tors using SOI wafers. Critical material deposition and etch processes are shown in steps (a)
through (f).

Si etching. The adoption of SOI wafers as a fabrication substrate mitigates the process
variation by utilizing a prede ned thickness for the spring exures.

Figure 4.12 displays the process ow for fabrication of MVIs. A detailed microfabrication
process ow is included in Appendix C. Firstly, a one hour wet thermal oxidation is performed
to serve as a hard etch mask during DRIE. Next, a Ti/Cu/Au (50/250/20 nm) stack is
deposited onto the device layer via electron beam evaporation. This metallization layer
de nes the electrical readout traces and pads from which output data from an isolated sensor
can be probed. An additional electron beam evaporation step can be performed to deposit
Ti/Cu (50/250 nm) onto the device handle layer. This additional layer can be used to solder
attach micro brous damping meshes discussed in Chapter 5 as well as metal countermasses.

Next, device layer features are de ned via DRIE as shown in Figure 4.12(c). AZ
9245 positive photoresist by MicroChemicals is spun to 7m and exposed to de ne the
spring exures of the microisolator. This is followed by a timed bu ered oxide etch (BOE)
to remove the thermally grown oxide layer and allow Si etching. An STS silicon etcher is
used for DRIE. Etch and passivation cycles consist of a 13 second etch step using &Fa

ow rate of 130 sccm and a 5 second passivation step usingFg at a volumetric ow rate
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Figure 4.13: Fully Fabricated 12 MVI with metallization traces. (a) Device layer view. (b)
Center spring exure. (c) Corner spring exures.

of 85 sccm. The power of the 13.56 MHz RF coil is set to 600 W. Typical etch rates are
approximately one m per cycle.

After processing the device layer, the handle layer is patterned and etched. To accom-
modate a through handle layer etch, a Si backing wafer is attached to the processed wafer's
device layer [Figure 4.12(e)]. This prevents wafer cracking during the 506n through han-
dle layer etch. During the handle layer etch, the Si beneath the spring exures is removed
to allow displacement under actuation. In 11 and I2 MVI variations without the central
platform substrate, the handle layer of the central platform is etched away during this step.
All features de ned during the device layer processing are etched completely through the
wafer during the handle layer etch. Finally, the fully etched microisolators are placed in an

acetone bath to allow release from the backing wafer [Fig.4.12(f)].
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Figure 4.14: Fully Fabricated I3 MVI with metallization traces. (a) Handle layer view
showing attachment pad for damper and/or counter mass. (b) Device layer view. (c) Corner
spring exures.

Figure 4.13 displays a fully fabricated 12 MVI. The device layer is shown in Figure
4.13(a). The metallization traces on the device layer central platform and along the spring
exures allow electrical readout of isolated sensor data. Magni ed images of the fully re-
leased central and corner spring exures are presented in Figure 4.13(b) and Figure 4.13(c),
respectively. Center springs often exhibited widths less than 2Gm due to photolithography
and etching tolerances. Note the oxidation present on the metal traces on springs in 4.13(b)
and 4.13(c) is eliminated with the addition of a gold layer over the copper. Images in Figure
4.13 were taken prior to adding the 20 nm gold ash to the metal stack.

A fully fabricated I3 MVI is presented in Figure 4.14. The handle layer with added
metal trace for solder attachment of micro brous damper and/or counter mass is displayed
in Figure 4.14(a). The MVI device layer is shown in Figure 4.14(b) and corner spring exures
are shown in Figure 4.14(c). Oxidation of metal traces has been mitigated due to inclusion

of 20 nm gold ash atop the metal stack.
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Figure 4.15: 11 handle layer etch areas. Area etched in all substrate variations (blue) and
area etched in without substrate variation (red). These large etch areas result in the plasma
loading e ect in 11, 12 MVIs.

4.2.1 Deep Reactive lon Etch Considerations

The deep reactive ion etch (DRIE) of silicon is the critical fabrication step which physi-
cally de nes the microisolator structure. The quality of the DRIE directly a ects the quality
of the fabricated device. Properly executed DRIE can yield high aspect ratio structures that
deviate little from the intended device design, while poorly executed DRIE can result in
issues ranging from slightly compromised device dimensions to devices which are unable to
be fabricated. Two DRIE issues encountered during the fabrication of MVIs are (1) the
plasma loading e ect and (2) the emergence of \black" silicon.

The plasma loading e ect occurs when areas where Si is to be etched are large enough
to deplete the etch gas, S§in this case, such that the etch rate is signi cantly reduced. The
plasma loading e ect was rst reported by Mogab [79] and experimentally demonstrated by
Kartunnen et al [80]. The loading e ect is considerable in the fabrication of the 11 and 12
MVIs, particularly in variations where the handle layer is etched. The observed etch rate in
11, 12 variations with handle layer substrate was 0.87 m/cycle while the etch rate dropped
to 0.70 m/cycle when the handle layer was etched away. The Si etch areas on the handle

layers for these variations are 12.88 mirper device with handle layer and 38.76 mfnper
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Figure 4.16: Formation of black silicon during DRIE. (a) Silicon etching by uorine radi-
cals produced by SE/O, plasma. (b) Fluoropolymer passivation layer formed via radicals
produced from GFg/O, plasma. (c) Micromasking formation due to residual passivation
layer. Oxygen radicals typically bond to the uoropolymer, removing it allowing for silicon
etching. (d) Formation of black silicon results from inability to etch silicon due to residual
uoropolymer layer.

device with handle layer etched. Figure 4.15 demonstrates the di erence in etch area in the
two variations. 11, 12 devices are fabricated in a 7x7 grid on the SOI substrate such that
the total Si etch area on a wafer is 631.12 mirfor variations with substrate and 1899.24
mm? for variations without substrate. The device layer etch rate was closer to onen/cycle
due to the smaller Si etch area. The plasma loading e ect is not observed in the I3 MVI.
Signi cantly less etch area is present in the I3 because only variations with substrates were
fabricated and because etch areas were signi cantly reduced. Etch rates remained consistent
during DRIE.

Black silicon, often referred to as \grass", arises when uoropolymer formed as a pas-

sivation layer during the DRIE passivation step is not properly removed during the DRIE
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