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ABSTRACT

In this thesis, modeling, fabrication and testing of microelectromechanical
systems (MEMS) accelerometers based on piezoelectric lead zirconate titanate (PZT)
films are investigated. Three different types of structures, a cantilever beam, a
trampoline, and an annular diaphragm, were studied. The resulting accelerometers are
high-performance, miniature, mass-production-compatible, and potentially circuitry-
integratable piezoelectric PZT MEMS devices.

Theoretical models of the cantilever-beam and trampoline accelerometers were
derived via structural dynamics and the constitutive equations of piezoelectricity. The
time-dependent transverse vibration equations, mode shapes, resonant frequencies, and
sensitivities of the accelerometers were calculated through the models. Optimization of
the silicon and PZT thickness was achieved considering the effects of structural
dynamics, material properties, and manufacturability for different accelerometer
specifications.

This work is the first demonstration of the fabrication of bulk-micromachined
accelerometers combining a deep-trench reactive ion etching (DRIE) release strategy and
thick piezoelectric PZT films deposited using a sol-gel method. Processing challenges
which were overcome included materials compatibility, metallization, processing of thick
layers, double-side processing, deep-trench silicon etching, post-etch cleaning and

process integration. In addition, the processed PZT films were characterized by
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iv
dielectric, ferroelectric (polarization electric-field hysteresis), and piezoelectric
measurements and no adverse effect of the processing on the properties was found.

Dynamic frequency response and impedance resonance measurements were
performed to ascertain the performance of the MEMS accelerometers. The results show
high sensitivities and broad usable frequency ranges for the piezoelectric PZT MEMS
accelerometers; the sensitivities range from 0.1 to 7.6 pC/g for resonant frequencies
ranging from 44.3 kHz to 3.7 kHz. The sensitivities were compared to theoretical values

and a reasonable agreement (~ 36% difference) was obtained.
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Chapter 1

Introduction

1.1 Overview

Microelectromechanical systems (MEMS), a technology which permits the
integration of micromachined mechanical structures with integrated circuits (IC), has
been a growing area of research in the last two decades [1,2]. MEMS have a wide range
of applications including automotive, industrial, biomedical, and information processing
[3,4). Silicon micromachining, taking advantages of well-established processes and
materials in microelectronics, is commonly used to fabricate mechanical microstructures.
As a result, in the early work, the materials used in MEMS area were limited to those
used in microelectronics. In particular, materials with fast diffusing ions were forbidden
because of contamination and compatibility issues.

There are wide varieties of functional materials that did not fit within the initial set
of materials explored for MEMS. One example of this is ferroelectric lead zirconate
titanate (PZT) films, which are attractive because of their high sensitivity in sensor
applications and high force output in actuator applications. In the beginning, the usage of
PZT films in MEMS was delayed by integration difficulties [5]. During recent years,
much progress in integration has been made. However, this was driven mainly by

ferroelectric random access memory (FRAM) applications [6]. In part as a result of that
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work, PZT films are now integrated with silicon micromachining techniques to fabricate
piezoelectric MEMS devices [5]. In this chapter, the previous work on piezoelectric
materials and piezoelectric MEMS accelerometers will be reviewed first, followed with
an overview of the techniques and theoretical background applied in this thesis. Finally,

the research objectives will be described.

1.2 Review of Previous Work

1.2.1 Piezoelectric Films for MEMS Applications

Of the available piezoelectric materials, the three most widely studied
piezoelectric films for MEMS have been zinc oxide (ZnO), aluminum nitride (AIN), and
PZT (7). The main considerations for piezoelectric materials to be used in MEMS are
their processing compatibility with silicon and their piezoelectric response. The
properties of these three materials are compared in Table I.1.

Zn0 was the first piezoelectric film used in commercialized TV surface-acoustic-
wave (SAW) filters because of its high piezoelectric coefficient (compared to non-
ceramic materials) and simplicity of preparation [8]. AIN, another promising
piezoelectric material, has a piezoelectric coefficient that is lower than ZnO, but its high
acoustic velocity makes it attractive for high frequency devices (in the GHz range). In

addition, its stability at high temperatures and humidities make it compatible with silicon
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and GaAs monolithic processing, in which diffusion, annealing, and implantation are

required.

PZT was first developed in bulk ceramics and was primarily used in sensor and

actuator applications. During the past decade, the fabrication and characterization of PZT

films have been investigated by many researchers {7].

Its high electromechanical

coupling and piezoelectric constant, which are an order of magnitude larger than ZnO and

AIN, have drawn great attention for MEMS sensor and actuator applications. MEMS

devices based on PZT films, such as force sensors [9], pressure sensors [10],

accelerometers [11], micropositioning actuators [12], micromotors {13}, and micropumps

[14], can be found in the literature.

Table 1.1: Properties of piezoelectrics [5]

Zn0 AIN PZT
Form single crystal single crystal polycrystalline film
piezoelectric constant:
12 39 117
ds3 (pC/N)
Force, current
2 -0.7 -1.0 -12
response: €3, r (C/m°)
coupling coefficient:
P gz 6 11 19
k®* (%)
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1.2.2 MEMS Accelerometers

Accelerometers have been used in many fields, including for activation of
automotive safety systems (airbags, electronic suspension), for machine and vibration
monitoring, and in biomedical applications for activity monitoring. Micromachined
accelerometers have the second largest yearly sales (after pressure sensors) among all
MEMS devices, mainly driven by demand from the automotive industry, because of their
low cost, small size, and broad frequency response [3].

Three sensing mechanisms, piezoresistive, capacitive, and piezoelectric are
commonly utilized for MEMS accelerometers. Each one has limitations and advantages
[15] and there are no universal guidelines for comparison. In general, piezoresistive
accelerometers have advantages in simplicity of fabrication and good compatibility (or
even potential integration) with IC processing; therefore, the first micromachined [16]
and commercialized accelerometers [17] were of the piezoresistive type. However, their
small overall sensitivity (typically around 1-2 mV/g in the 20-50g range) and large
temperature dependence are drawbacks. Capacitive accelerometers have advantages of
high sensitivity, low temperature dependence, and good DC response; however, they are
easily influenced by electromagnetic interference (EMI) because of their high impedance
at the sense node. Many micromachined piezoresistive and capacitive accelerometers,
having different designs for different frequency ranges and applications, are available in
the literature [15,18].

Compared to piezoresistive and capacitive accelerometers, there have been few

reports of micromachined piezoelectric accelerometers. ZnO and PZT films are the two
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5
primary materials used in bulk- or surface-micromachined MEMS accelerometers. In
1982, Chen et al. [19] fabricated a silicon bulk-micromachined piezoelectric
accelerometer with a cantilever-beam structure using a ZnO film as the sensing material.
The cantilever beam was formed by anisotropic etching of the silicon using an aqueous
solution of ethylenediamine and pyrocatechol (EDP). The piezoelectric charge generated
by acceleration was coupled to the gate of a p-channel MOS transistor. In order to get a
flat, near dc response, the ZnO film was isolated within insulating SiO2 layers. The cross
section of the accelerometer is shown in Figure 1.1. A voltage sensitivity of 47 uV/g
was obtained. In 1984, Chen and Muller [20] redesigned their accelerometer with a huge
silicon proof mass, which was 20 times the beam mass, on the tip of a silicon cantilever
beam to improve the sensitivity to S mV/g. The resonant frequency of the structure was
8.4 kHz. In 1997, DeVoe and Pisano [21] fabricated a ZnO accelerometer by surface-
micromachining techniques, using polysilicon as the structural material and silicon oxide
as the sacrificial material (see Figure 1.2). However, a low sensitivity of 0.21 fC/g was
obtained because of the low piezoelectric constant of the ZnO film and the small mass
provided by the cantilever structure. In 1999, Reus et al. [22] also fabricated a bulk-
micromachined ZnO accelerometer based on their previous design [23], which had a
seismic mass in a two-beam structure. KOH was used as the anisotropic etching solution
to form the structure. Both vertical- and horizontal-direction accelerations were
measured using this structure; Figure /.3 shows the structure and the sensing principles.

A vertical-direction sensitivity of 0.1pC/g was measured and a resonant frequency of 4.5
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kHz was calculated, while the horizontal-direction sensitivity was 100 times smaller

than the vertical-direction sensitivity.
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Figure 1.1: Cross section of the accelerometer designed by Chen et al. [19]
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Figure 1.2: Cross section of a surface micromachined accelerometer fabricated by DeVoe
and Pisano [21]
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Figure 1.3: (a) and (c) show the electrode configurations for sensing a vertical-direction
acceleration; (b) and (d) show the electrode configurations for sensing

horizontal-direction accelerations [22]
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In 1996, Nemirovsky et al. [24] designed a PZT thin-film piezoelectric
accelerometer with a calculated sensitivity of 320 mV/g. However, it has not been
fabricated. The first surface-micromachined PZT accelerometer with a cantilever-beam
structure was fabricated in 1997 in Polla’s group at the University of Minnesota [25).
However, a dynamic frequency response measurement, and therefore, sensitivity, was not
available in that reference. In addition, surface micromachining limits the thickness of
microstructures; as a result, the sensitivity is limited. In 1999, bulk-micromachined PZT
accelerometers were fabricated and tested by Eichner et al. [26]. They used a two-step
electrochemical etch-stop in a8 KOH solution to define the seismic mass and two silicon
beams as the sensing structures, which is the same structure as in reference [22]. An
average sensitivity of 0.1mV/g was measured and the calculated resonant frequency was
13 kHz.

Recently, Beeby et al. fabricated a bulk micromachined accelerometer using
screen-printed PZT thick films [27,28). The sensing structure and its dimensions are
shown in Figure 1.4. The reported sensitivity of 16 pC/g is suspect, since there are
fundamental errors in the accelerometer design and the reported results are not self-
consistent. First, the stresses on each beam are of opposite signs for the area near the
frame and the area near the inertial mass (see also reference 22 and 26). However, their
electrodes are continuous over the beam (see Figure 1.5); therefore, the charge output
should be completely cancelled. Second, the inertial mass should be 4.83 mg instead of
the reported 17 mg according to their dimensions, 4 mm’ area and 525 um thick (silicon

density is 2.3 g/cm’). Third, the reported voltage sensitivity, 100 pV/g, is not consistent
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with the charge sensitivity, 16pC/g, for a sensor capacitance of 360 pF. These factors,
coupled with the low piezoelectric coefficients of their thick film (d3; = -33 pC/N) and
the small reported Young’s modulus (20 GPa), make the high reported sensitivity
unlikely.

The previous reported bulk micromachined accelerometers were all fabricated by
wet processing of the silicon using crystal-orientation-dependent anisotropic etching
(KOH, EDP, or TMAH). However, they have some drawbacks, which will be discussed
in the silicon micromachining section 1.3.1. Therefore, a new approach of fabricating
bulk micromachined accelerometers combining a deep-trench reactive ion etching
(DRIE) technique and high-performance piezoelectric PZT films will be investigated in
this thesis.

Figure 1.4: Dimensions of the accelerometer reported by Beeby et al. [28]; inertial mass
4mm?; beam 975 pm long, 750 pm wide; PZT 900 pm long, 660 um wide;
top electrode 800 um long, 420 pm wide
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Figure 1.5: SEM showing that the top electrodes are continuous over the beams [28]

1.3 Technical and Theoretical Background

1.3.1 Silicon Micromachining for Accelerometers

Generally, silicon micromachining can be divided into two categories: bulk and
surface micromachining. In bulk micromachining, the desired micro-structures are
shaped out of the bulk silicon wafer by etching away selected portions of the substrate.

The vertical dimension of structures can be as large as the substrate thickness (400 to 600
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pm). In surface micromachining, thin film materials are deposited on the wafer
surface and microstructures are formed by selectively removing the underlying sacrificial
layers. Hence, the vertical dimension is limited by the film thickness. For example,
chemical vapor deposited (CVD) polysilicon, the most common structural material for
surface micromachining, cannot be made more than 5 pm thick [7]. Therefore, the
dimensions of surface and bulk micromachining generally differ by two orders of
magnitude. Each one has its own advantages and disadvantages depending on the
application [29].

For inertial sensors, the minimum detectable signal is limited by Brownian noise

{30], which is described in Eq. 1.1:

Ao =4k, Ter, /' m,Q ( L1)

where ani, is the minimum detectable signal when the signal-to-noise ratio (SNR) is
unity; kg is Boltzmann constant; T is the absolute temperature; wo is the resonant
frequency of the sensing structure; m; is the effective sensor mass; and Q is the quality
factor. If the minimum detectable signal is 30 pg at 100 Hz with a SNR of 4, the
minimum m; is 0.3 pgram, which is not small for MEMS devices. Therefore, bulk
micromachining is preferred in this work, since it can produce a larger mass than surface
micromachining. Thus, the technical background for bulk micromachining will be

introduced in the following paragraphs.
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One of the key techniques in bulk micromachining is silicon etching. Wet and
dry etching techniques are two main categories; they are distinguished by the phase of the
reactants: liquid and gas phase, respectively. Etching can also be categorized as isotropic
or anisotropic, both in wet and dry etching (see Figure 1.7). Isotropic etching causes the
same etch rate in all directions. As a result, an undercut profile will be found at the mask
edge. In contrast, anisotropic etching involves higher etch rates in some directions over
others.

A common silicon isotropic etchant is the mixture of hydrofluoric acid (HF),
nitric acid (HNO;), and acetic acid (CH;COOH) [31,32). However, better control of
etched profiles is always of interest in making useful microstructures in MEMS
applications. A wide variety of etchant systems have been studied for anisotropic etching
of silicon [33]); potassium hydroxide (KOH) [34,35] and etylenediamine-pyrocatechol
(EDP) [36,37] are the most commonly studied. The anisotropy is obtained because the
etch rate is crystallographically dependent. For example, the etch rate of silicon along
<100> is ~80 times larger than that along <110> in KOH because of the different atomic
densities in different crystal directions (the etch rate depends on the chemical
composition, concentration, and temperature) [38]. Recently, tetramethyl ammonium
hydroxide (TMAH) has drawn some attention since it contains no alkali ions [39,40].
This makes it more compatible with CMOS processes. However, it has drawbacks
limiting its popularity. These include a relatively low etch rate, hillock formation, and

rapid evaporative losses of ammonia gas.
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All of these crystallographic-orientation-dependent etchants require

compensation to obtain designed structures; in addition, misalignments during
lithography steps can lead to significant errors in the final results [41-43]. Figure 1.6
gives an example of the planes occurring at convex corners during KOH etching; the
lateral etching at the corner results in the undesired shape. Furthermore, high-quality
hard masking materials such as silicon nitride and silicon oxide are required, since
photoresist quickly dissolves in these base solutions. More importantly, wet process are
difficult to control industrially and have low compatibility with IC processing.
Therefore, the ability to dry etch deep and anisotropic microstructures in silicon has

received much attention for bulk micromachining.

Figure 1.6: Planes occurring at convex corners during KOH etching of Si [41]

There are two reported approaches designed to deeply etch silicon with high
aspect ratios (>25), cryogenic dry etching and the Bosch® process [33]. In the cryogenic
etching method, the silicon substrate is maintained at cryogenic temperatures (77°K)

using liquid nitrogen cooling to greatly enhance the anisotropy [44,45). The anisotropy is
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achieved by condensation of the reactant gases on the sidewalls of the etched
structures; in contrast, the condensing gases at the bottom of structures are removed by
ion bombardment. The commercial etcher made by Alcatel (San Jose, CA) can achieve
aspect ratios on the order of 30:1. However, there is an important problem with
cryogenic dry etching; the cryogenic temperature cannot be maintained locally if micro-
structures become thermally isolated due to the continuous etching. As a result, this
limits the type, shape, and size of micro-structures.

In 1994, Larmer and Schilp invented a high aspect-ratio silicon dry etching
process, referred to as the Bosch® or deep-trench reactive ion etching (DRIE) process
[46]. In this process, an alternating process of etching and protective polymer deposition
is employed to achieve an anisotropy on the order of 30:1. An inductively coupled
plasma (ICP) source is used to obtain a high-density and low-ion-energy plasma. As a
result, a high etch rate (~2-3 pm/min) and a high selectivity (~30-100:1 to photoresist;
~120-200:1 to silicon oxide) are obtained. Commercial etchers using this principle are
available from Surface Technology Systems, Ltd. (Redwood City, CA) and Plasma
Therm, Inc. (St. Petersburg, FL). Moreover, the etching can be made either isotropic or
anisotropic by adjusting the etching recipe. Therefore, versatile micro-structures can be
fabricated with the combination of isotropic and anisotropic etching [47-49]. In
summary, DRIE has greatly enhanced the ability to manufacture micro-structures for
MEMS applications while maintaining compatibility with IC processing. Therefore, it is

becoming the most popular tool for deep dry etching silicon in bulk micromachining.
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Figure 1.7: Etched profiles of isotropic and anisotropic etching

1.3.2 Ferroelectric Material Systems

Lead zirconate titanate (PZT) is a ferroelectric material; therefore,
ferroelectricity is briefly introduced here. Ferroelectric materials are spontaneously
polarized under equilibrium conditions and the spontaneous polarization can be
reoriented between crystallographically defined states by applying a realizable electrical
field [50]. All ferroelectric materials are piezoelectric since tney all have polar
structures. At high temperatures, many ferroelectric materials do not have a spontaneous
polarization since they have a higher symmetry crystal structure (the paraelectric phase).
The transition point is defined as the Curie temperature (T;). At temperatures below T, a
phase transformation occurs where the material distorts into a lower symmetry structure
resulting in a ferroelectric phase with a spontaneous polarization. The appearance of
polarization-field hysteresis is evidence for a re-orientable spontaneous polarization. A

typical polarization electric-field (P-E) loop is shown in Figure 1.8 [S1]. Several
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distinctive parameters should be noted in this figure. The saturation polarization (Psx)
is defined as the linear extrapolation of the polarization at high field back to a zero field
point. It refers to the total polarization that can be attributed to the feversal of the
spontaneous polarization. The remanent polarization (P) is defined as the polarization
remaining in a ferroelectric material after the external electrical field is released (at E=0).
This indicates the degree of alignment of dipole moments. The coercive field (Ec) is
defined as the electrical field at which the net polarization is zero. Real hysteresis loops,
especially in polycrystalline materials, are often slanted - different regions in the material

reorient at different fields.

Figure 1.8: Polarization electric-field (P-E) hysteresis loop of a ferroelectric material [51]
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1.3.3 Perovskite Structure of Lead Zirconate Titanate

One of the most important ferroelectric prototypes is the perovskite crystal
structure; barium titanate and PZT belong to this family. PZT, Pb(Zr,,Tix)Os, is a solid
solution system between PbTiO; and PbZrO; [52]. Above T, the unit cell is cubic with
ions arranged as in Figure 1.9 and it is in a paraelectric phase. Below T, the cubic
structure distorts into either a tetragonal or rhombohedral structure over most of the
composition range (there is also an orthorhombic antiferroelectric). Due to this structural
distortion, the relative shift of the oxygen octahedra and the cations results in the

generation of an electrical dipole moment (in a ferroelectric phase).

Pb Ti 0

Figure 1.9: Perovskite structure of PZT; the corner atoms are Pb%*, the face centered

atoms are O, and the central atom is either Zr** or Ti*" [52]

Furthermore, the material properties of PZT can be adjusted by changing the ratio
of PbTiO; and PbZrOs. The phase diagram of PZT is shown in Figure 1.10 {53), where it
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can be seen that it is in a rhombohedral phase for zirconium-rich compositions
(x<0.52) and in a tetragonal phase for titanium-rich compositions (x>0.52) below the
Curie temperature. In the rhombohedral distortion, there are eight possible orientations
for the spontaneous polarization, which are along the 8 <111> directions of the cubic unit
cell. In the tetragonal phase, there are six possible orientations for the spontaneous
polarization along the 6 <100> directions of the cubic unit cell. One significant feature
of PZT is the temperature-independent morphotropic phase boundary (MPB) between
tetragonally and rhombohedrally distorted ferroelectric phases. It occurs close to a Zr:Ti
ratio of 52:48 [54). Bulk ceramics show significant enhancements in the dielectric and
piezoelectric properties as a result of the larger number of possible orientations for the
spontaneous polarization at the MPB composition. Figure 1.11 shows that the coupling
coefficient and relative permittivity reach their highest values at the MPB composition
[53]). Although the maxima are less pronounced, some authors have reported that similar
property peaks occur in PZT films [SS]. There is some controversy, however, about
whether the effective e; coefficient peaks at the same composition, although
compositional variations in the polability of sputtered films may have affected the later
result [5). Therefore, the PZT films used in this work are all prepared with 52/48

composition.
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Figure 1.10: Phase diagram of PZT {53]

20001 !
H 70.7
i
l dos
1500+ !
I’ 0.5
|
I 40.4
t 1000+ ko
a 03
|
k
500} | 102
|
= : 40.1
|
1
P20, POTIO;

Figure 1.11: Coupling coefficient and permittivity values of PZT compositions [53]; k is

coupling coefficient and &, is the relative permittivity
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1.3.4 Piezoelectricity

Piezoelectricity will be introduced next to explain the operating principle of the
accelerometer. Materials which develop a dielectric displacement proportional to an
applied mechanical stress, or conversely, exhibit a proportional mechanical displacement
(or strain) when subjected to an electrical field, are called piezoelectric materials. The
former is the direct piezoelectric effect, which is usually used in sensor applications, and
the latter is the converse effect, which is usually used in actuator applications. The

constitutive equations of piezoelectricity are given in Eq. 1.2 and Eq. 1.3 [56].

D=dT+¢'E (12)

S =s"T+dE ( 1.3)

where D, T, E, S, s, and d are dielectric displacement (C/m?), stress (N/ m?), electric field
(V/m), strain (m/m), compliance (m?*/N), and piezoelectric constant, usually given in C/N
for the direct effect and m/V for the converse effect. The superscript denotes the
parameter held constant. The piezoelectric constant depends on the orientation in which
the mechanical stresses and electrical fields are applied. The existence of non-zero
piezoelectric coefficients depends on the crystal symmetry of the material. For the PZT-
based films used in this study, the most widely used operation modes are d33 and d3;. The
first subscript denotes the polarization direction and the second one is the matrix notation

for the stress. Figure 1.12 illustrates these two operation modes. The MEMS
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accelerometer is operated in d3; mode, so that stress amplification associated with

flexing the element can be used to increase the sensitivity.
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Figure 1.12: Schematics of d33 and d3; operation modes; the dashed areas show that

changes in dimensions due to an applied stress lead to induced polarizations
(53]

1.3.5 Interface Circuit

The interface circuit, to which the piezoelectric sensor is connected plays an
important role in the sensor’s operation as well as the electrical boundary conditions.

Figure 1.13 shows the configuration of the interface circuit used in the MEMS
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accelerometers in this thesis. In this configuration, the piezoelectric film acts as a
charge generator and the operational amplifier (op-amp) is in the inverting configuration
serving as a charge amplifier. The op-amp is at virtual ground at point 1 for this
configuration [57]; therefore, the charge generated from the piezoelectric film is quickly
absorbed by the amplifier and leaves no charge on the electrodes. As a result, no
potential develops across the film; that is, the film is effectively short circuited (£ = 0).
The charge, Q, generated by the film is transferred to the capacitance (Cf) in the

amplifier’s feedback loop. Hence, the output voltage, Vo, can be obtained by Eq. 1.4.

_-@
Vou . ( 14 )

From the equation, it is clear that V,, depends on the feedback capacitance but is
independent of the film and cable capacitances. Therefore, the length of the wire
between the sensor and the electronics does not have a critical effect; in addition, charge
leakage through stray capacitance around the sensor, such as in the packaging substrate,

can be minimized.

The gain of the amplifier is expressed in Eq. 1.5:

C
Gain = —~ .
c. (15)

where Cs is the film capacitance. The gain can be increased by increasing the film

capacitance and decreasing the feedback capacitance. However, it is limited by the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

bandwidth of the amplifier, which decreases with increasing gain. Since the electrical
boundary conditions of the film (using the charge amplifier) approximate a short circuit,

the constitutive equations of the piezoelectric film can be simplified from Eq. 1.2 and Eq.
1.3t

D=dT

( 1.6 )

S =sfT ( 1L.7)

This simplification will be beneficial to the derivation of the device’s model in section

3.2
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Figure 1.13: Electrical circuit configuration of a piezoelectric film connected to a charge
amplifier
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1.4 Research Objectives

The main objectives of this thesis were to design, fabricate, and test MEMS PZT
accelerometers using silicon micromachining techniques. Problems encountered in this
work in terms of design, fabrication, and testing, were studied in order to make high-
performance, miniature, mass-production-compatible, and potentially circuitry-
integratable accelerometers.

In the design aspect, different types of device structures were designed to study
important accelerometer parameters including sensitivity, bandwidth, and transverse-
sensitivity cancellation.  Theoretical models, based on structural dynamics and
piezoelectricity, were derived to help understanding both the device physics and relations
between the design parameters. Therefore, the performance of accelerometers can be
optimized for certain specifications.

For the fabrication aspect, these are the first reported MEMS accelerometers
fabricated using a combination of the deep-trench reactive ion etching (DRIE) technique
and piezoelectric PZT films. Therefore, processes developed in this work are beneficial
for future research on PZT-based micromachined devices. Processing issues, including
materials compatibility, metallization, processing of thick layers (PZT films and
photoresist), double-side processing, deep-trench silicon etching, post-etch cleaning and
process integration, presented the challenges in fabricating the MEMS PZT
accelerometers.

Testing of MEMS PZT accelerometers was carried out by both electrical and

mechanical excitations. Dynamic frequency response and impedance resonance
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measurements were performed to evaluate the behavior of MEMS accelerometers.
Processed PZT films were characterized by dielectric, polarization electric-field (P-E)
hysteresis, and piezoelectric measurements, to insure no adverse effects on film
properties. In addition, packaging of MEMS chips was developed to facilitate the testing
as well as to improve noise rejection. The results were compared to theoretical and finite

element analysis (FEA) results to evaluate the theoretical models and processing control.
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Chapter 2

Processing and Characterization of PZT Films For MEMS Applications

2.1 Introduction

For many sensor applications, PZT films should be comparatively thick (>!pum)
because the piezoelectric response increases with increasing film thickness ([58].
However, depositing and processing of these thick films presents significant challenges
[7]. Different deposition techniques, such as electron-beam evaporation {59], sputtering
[60], ion beam deposition [61], metallo-organic chemical vapor deposition (MOCVYD)
[62), sol-gel [63), and laser ablation [64) have been used to deposit PZT films. Among
these methods, sol-gel process has the advantages of easy chemical composition control,
film homogeneity, high purity, large area deposition and low cost [65]. Therefore, the
PZT films used in this work were all prepared by the sol-gel method. Deposition of thick
PZT films up to 8 um thick by sol-gel method has been developed at Penn State
University [66). The preparation details and the correlations between preparation
conditions and film properties are described elsewhere [67,68). In this work, patterning

of these thick PZT films using microfabrication techniques was investigated.
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2.2 PZT Film Patterning Using Microlithography Processes

Lithography and etching are the key steps to define the films’ geometry and to
manufacture MEMS accelerometers. Different types of radiation, including ultraviolet
light (optical lithography), electron-beam, X-ray, and ions, provide different resolutions
for lithography. In this thesis, electron-beam lithography was used to generate
photomasks and optical lithography to transfer the patterns on the photomask to the
silicon wafer. A contact aligner (Karl Suss MA6) was used to provide UV radiation and
alignment between photomask and wafer.

Reactive ion etching (RIE) using capacitive [69,70], inductive [71], or electron
cyclotron resonance (ECR) plasmas [72] has been utilized to pattern PZT films. These
studies were driven primarily by ferroelectric random access memory (FRAM)
applications where PZT films are used as capacitors. The film thickness used in these
applications generally does not exceed 250nm [73]. It has been reported that it is difficult
to form volatile species with etching gases at room temperature; hence, heating the
substrate or increasing the ion bombardment energy is generally required for dry-etch
patterning. As a result, the etch rate and selectivity with respect to the photoresist
developed in the above methods are not suitable to etch PZT films for MEMS
applications, which generally require 2 to 10 pm PZT films. Therefore, a wet chemical

route for patterning thick PZT films was developed here.
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2.2.1 Lithography

General lithography and etching processes are illustrated in Figure 2./ and the
basic principles and processing details are available elsewhere [74]. One important
requirement for the lithography step used here is good adhesion between the PZT film
and photoresist, since long etching times in HF-based solutions are used for patterning
thick PZT films after the photolithography step. Hexamethyldisilazane (HMDS) was
used to promote adhesion. HMDS is one of the most commonly used adhesion promoters
for silicon oxide and photoresist in MOS processing [75]. It was spin-coated on the PZT

films before spinning photoresist.

2.2.2 Patterning of PZT Thick Films

The chemical etchants utilized for the PZT thick films need to be compatible with
photolithography processes. PZT ceramics can be etched by HCl, HF, H;PO4, HNO;,
H,SO,, NaOH, and KOH [76]. However, neither H,SO4 nor the basic solutions (NaOH,
KOH) are suitable here, since photoresist is quickly stripped in these solutions. In
addition, the etch rate for H;PO4 and HNO; is slow. Therefore, three etching recipes, 1)
0.34%HF:5%HC!:94.66%H,0 at room temperature; 2) HF at room temperature; and 3)
HCI at 45°C, were first investigated to pattern the thick PZT films. In each case, the
etchant was stirred. However, there were some problems with each etchant. For the first
recipe, residues on the etched area could not be removed even for a long etching time

(30minutes); consequently, the photoresist delaminated from the PZT films. A whitish
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residue was clearly observed after drying the sample. SEM (Figure 2.2) shows this
residue in the etched area. Adjusting the ratio of HF and HCI did not lead to markedly

different results.

Exposing Radiation

Opaque l
\‘- - Be—p (o

a. Exposure

!

Resist
b. Development .
Substrate Film
Resist
¢ Film Etching i
Substrate Film

!

d. Resist Strip ‘ Substrate ‘ Film

Figure 2.1: General lithography and etching processes
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Figure 2.2: SEM micrograph showing residue in the etched area after etching a 4 um
PZT film in 0.34%HF:5%HCI1:94.66%H,0 for 40 minutes

For the second recipe, residue formation was still a problem. Furthermore, the
photoresist delaminated from the PZT films after only 10 minutes of etching. For the
third recipe, residue was not a problem. However, patterns with feature sizes smaller
than 50 um cannot be well patterned, since HCl quickly etched the PZT films by
dissolving along the grains boundaries [76]. This also resulted in severe undercutting and
overall this etching process was difficult to control. Figure 2.3 shows a 50 pm square
pixel that was attacked by HCl. Photoresist did not provide adequate protection. Table

2.1 summarizes the results of the above etching recipes.
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Figure 2.3: Scanning electron micrograph showing a 50 by 50um pixel patterned using

HCI etching solution; the HCI has quickly attacked the PZT grain boundaries

Table 2. 1. Comparison of different etching recipes for PZT thick films

03A%HF

Ty

S%HCI ~02um/min* | peeled after 31 whitish
94.66%H,0 30 minutes residue
at25°C
HF ~0.15um/min* peeled after 2:1* whitish
at25°C 10 minutes residue
HCI (1 pm/min) | does not provide 10:1 clean
at45°C good protection surface

*Etch rate and undercutting are approximate since the end point of etching is difficult to
define with the formation of residues

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




32
2.2.3 Residue Analysis

From the above results, it is apparent that residue formation resulted from use of
HF-based solutions. X-ray diffraction (XRD) was used to characterize the residue. It
was done by a Scintag DMC-105 diffractometer (Scintag, Inc., Sunnyvale, CA) using Cu
Ka radiation. A scan rate of 2 degree per minute was used for the data collection. XRD
patterns indicate that the residues primarily consist of the metal fluorides, Pbo.ssZro,15F23
and PbsZrF 4 (see Figure 2.4), which have a very low solubility in the etching solutions.
It was found that these residues can be quickly removed by HCI in a short time (~30
seconds). Figure 2.5 shows that after a brief HCI dip, only PZT peaks were detected in

the XRD patterns, and no residue was observed.

2.2.4 Two-step Etching Process

From the above results, no single etching step was found that can provide a
residue-free surface, good selectivity, and limited undercutting for patterning thick PZT
films. Consequently, a two-step etching process was developed. The procedures are
summarized in Table 2.2. A 10:1 buffered oxide etch (BOE, which is 10HN4F:1HF) was
used in the first etch step to remove most of the material. Here BOE is preferred rather
than HF, because the photoresist delaminated from PZT films in straight HF after a
relative longer etching time (~15 minutes for 2 um films). As stated earlier, after rinsing
with water and drying with a nitrogen gun, whitish residues on the etched area were

observed. These residues resulted in a root mean square (RMS) surface roughness of 0.3
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um (RMS), measured by a surface profilometer (Tencor Instrument Alphastep). A
second etch in 2HCI:1H,0 solution for 30 seconds at an elevated temperature (45°C) was
used to remove the residues. The etching time needs to be kept short to minimize any
further undercutting. Using this two-step process, a cleaner etched surface and better
pattern transfer were obtained, as shown in Figure 2.6. Figure 2.7 shows an etched
profile. In addition, the etched surface was examined by XRD and no residue was found

(see Figure 2.8). The etching stopped successfully at the Pt bottom electrode.
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Figure 2.4: XRD showing residues consisting of metal fluorides; this sample was etched
with an HF-based solution only
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Figure 2.5: XRD pattern showing no residue on a sample which was incompletely etched
in HF and then quickly dipped in HCI
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Table 2.2: Two-step etching processes for thick PZT film patterning

35

Step

Process

Remark

BOE (10:1) etching at room temperature

Rate: 0.133 (um /min)

DI water rinsing and nitrogen gun drying

whitish residues on the
etched area

2HCI:H,0 at45°C

Time: 30 second

DI water rinsing and nitrogen gun drying

Clean surface

Figure 2.6: SEM micrograph showing well-patterned 2 pm PZT films and a clean etched

surface resulting from two-step etching
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Figure 2.7: Etched profile of a 2 um PZT film from lateral view
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Figure 2.8: Surface etched by two-step etch examined by XRD; no residue was found. Pt
is the bottom electrode
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Since the wet etching process is isotropic, lateral etching cannot be avoided.

One way to describe the degree of undercutting is the ratio of lateral to thickness etching.
To determine this, the size of an etched pattern after stripping the photoresist was
measured by microscopy and compared to the original photomask size. A ratio of 2 to 1
lateral to thickness undercutting was measured. The second etch step contributed half of
the overall undercutting even with the short etching time because HCI quickly attacked
the PZT film at the sidewalls. For most MEMS devices, 2:1 undercutting is acceptable

since the feature size in MEMS is relatively larger than in microelectronics.

2.3 Characterization of Processed PZT Films

PZT films are used as the active material in accelerometers; therefore, the
sensitivity of the device depends on the properties of the PZT films. In order to examine
if there was any degradation in properties associated with the etching process, the
processed films were characterized by dielectric, ferroelectric, and piezoelectric

measurements. The uniformity of the films across a wafer surface was also examined.

2.3.1 Film Thickness and Uniformity

The thickness of PZT films was measured by a surface profilometer (Tencor
Instrument Alphastep) after the films were patterned by the two-step etch process, as
described in the previous section. Two samples were measured at points across the

whole 4” wafers to evaluate the uniformity. For the thinner one, the average thickness is
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1.7 pm with standard deviation of 0.037 um. For the thicker one, the average
thickness is 5.95 um with standard deviation of 0.12 um. These results (< +3% variation
across a 4" wafer) show good uniformity of PZT films deposited by the sol-gel method.

The films are thicker in the middle and thinner near the edges (see Figure 2.9).

Uniformity of PZT Films
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g |
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E : —~@— thicker films |
g j—o-thinmrﬂns_‘i
3: - ' :
‘ i
=, | | . ‘
1 %.
: z
0 - . i
0 20 40 60 80 100

Distance across a 4" wafer (mm)

Figure 2.9: Uniformity of PZT films across 4" wafers
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2.3.2 Measurement of Dielectric Properties

The capacitance (C) and dielectric loss (tand) of processed PZT films were
measured using a multi-frequency LCR meter (Hewlett Packard 4274). The testing

frequency was 1 kHz and the electrical field was 0.5 kV/cm. The relative permittivity (x)

can be calculated from Eq. 2.1.
= C-t )1
.y (21)

A and t are the area and thickness of PZT films; &, is the permittivity of vacuum.

Results show that the average relative permittivity is 1000 with a standard deviation of

50, and the average dielectric loss is 1.6% with a standard deviation of 0.15% across a 4”

wafer (see Figure 2.10).
| @ relative permittivity

1200 — — e 0.035

1050 ¢ - --- """“.““"""“.":0“‘.‘.--'".".""' 0.030

800 f---® - S R 1 0.025
Op--- s B LR 1 0.020 o
¥ 6800 S T ._.__....__‘J.-_.__.‘,:. ...... c
450 as i T e B e 10015 &8

00 b 1 0.010

so k- | 0.005

0 0.000

0 1 2 3 4 5

Distance from wafer center (cm)

Figure 2.10: Permittivity and dielectric loss of etched 6 pm PZT films across a 4” wafer
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2.3.3 Measurement of Ferroelectric Properties

The polarization hysteresis is usually measured by a Sawyer Tower circuit [48].
Here, a commercial ferroelectric tester (Radiant Technologies RT66A) based on this
principle was used to measure the P-E hysteresis of processed PZT films. The
measurement frequency was 30 Hz and the maximum electrical field was 500 kV/cm.
For thick films, an external power amplifier (AVC Instrumentation 790 Series power
amplifier) was used to provide a higher electric field. With this measurement, the
remanent polarization (P,) and coercive field (Ec) can be obtained. Figure 2.11 shows the
average P-E hysteresis loop across a 100mm wafer. The average P, is 24 pC/em? with a
standard deviation of 2.2 uC/cm?, and the average E. is 42.1 kV/cm with a standard
deviation of 3.7 kV/cm (see Figure 2.12). All tested results show good properties of
processed PZT films. The observed properties were similar to those of unpatterned films

of the same thickness.
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Figure 2.11: Average P-E hysteresis loop of a processed 5.95 pym PZT film across a 4"
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Figure 2.12: Coercive field and remanent polarization of a processed 5.95 pm PZT film
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2.3.4 Measurement of the Transverse Piezoelectric Constant

Since the charge sensitivity of the MEMS accelerometer is directly proportional
to the transverse piezoelectric constant (d3;), a better knowledge of dj; value leads to a
more accurate theoretical calculation (detailed in section 3.2.3). Here, a simple and
inexpensive method, developed by Shepard et al. [77], was utilized to measure €3 or
ds;. Basically, the technique is based on the direct piezoelectric effect. An ac (~10 Hz)
planar stress was applied to the PZT film through flexure of the underlying 3" silicon
wafer using a pressure jig (see Figure 2.13). The charge output of the PZT film was
connected to a charge integrator and converted into a voltage output. The applied
pressure (therefore, the applied stress) was measured by a pressure transducer. Figure
2.14 shows the equipment setup. Finally, the d;; was calculated based on plate theory for
a known applied stress and voltage output. The detailed measurement procedure and
technique are described in reference [77]. For measurement of test chips from the
MEMS run, a slightly modified approach was used [78].

Before the measurement, a dc electrical field was applied between the top and
bottom electrodes. This will reorient dipoles of the PZT films towards the direction of
the applied field. Therefore, the net piezoelectric charges are not cancelled inside the
films, when they are under stress. This procedure is termed poling. The PZT films were
poled under 150 kV/cm electric field at room temperature for 15 minutes. The same
poling condition is applied for the accelerometers before the frequency response
measurement, which will be described on Chapter 5. The average measured d3; was -45

pC/N (assuming a Young’s modulus of 101 GPa).
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Figure 2.14: Equipment setup for measuring the transverse piezoelectric constant 78]
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Chapter 3

MEMS Accelerometer Design I: Cantilever-Beam Structure

3.1 Device Design and Model

3.1.1 Device Structure and Design

A cantilever beam is the most common sensing structure for micromachined
accelerometers because of its simplicity and low spring constant. Thus, a silicon
cantilever beam with a silicon proof mass on the free end was used as the sensing element
in the first accelerometer design, since the proof mass considerably improved the
sensitivity. However, a big drawback of this type of design is the sensitivity to transverse
accelerations because of the asymmetric mass distribution. For example, the desired
acceleration sensing mode of the accelerometer is in the y direction (Qy) as shown in
Figure 3.1. When an x direction acceleration occurs, the bending moment generated
from this resultant force also contributes to the piezoelectric charge, Qx. In order to
cancel the transverse sensitivity, the accelerometer was designed with four beams in a die
with two beams opposing the other two (see Figure 3.2). The charge output of the left-
hand-side beams when exposed to an acceleration containing components in both y and x

directions, Q,, equals
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Qu=Qy-Q

The charge output of the right-side beams, Qg, equals
Qr=Qy +Q

When the outputs of all four beams are connected, the total charge output, Qr, equals
Qr=QL+ Qr=2%*Qy

Therefore, the transverse charge output in the x direction is cancelled. For a z-direction
acceleration (see Figure 3.3), the generated charge on each beam is zero, since the stress
on the beam on the opposite sides of the X axis is equal and opposite. Thus, for the ideal
geometry, the transverse sensitivity can be eliminated, which is an important feature of
this design. Three different sizes of beams are designed here to study the relation

between the resonant frequency and sensitivity. Their dimension are shown in Table 3.1.

y
4 proof mass
'Qx J \ Qx
35 X
base F.—p *F, base
"Mz 'Mz

Figure 3.1: Transverse sensitivity cancellation in the x direction
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Figure 3.2: Schematic of PZT MEMS accelerometer; it consists of four cantilever beams

with a proof mass at the end
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Figure 3.3: Charge cancellation in the z direction
Table 3.1: Dimension of cantilever-beam accelerometers
Silicon beam Top electrode
Device type Length Width Thickness Length Width
(mm) (mm) (um) (mm) (mm)
Small beam 1.00 0.80 50 0.96 0.76
Medium beam 1.27 0.80 50 1.23 0.76
Large beam 1.80 0.80 50 1.76 0.76
*Proof mass 0.30 0.35 450
Note:

1) * Size of proof mass for all three beams is the same
2) The length and width of PZT layers are the same as the top electrode
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3.1.2 Derivation of Structure Dynamics

It is useful to be able to model the dynamics of the accelerometer. Euler-
Bernoulli beam theory is used here to describe the equation of motion of the beam [79].
The proof mass on the free end of a cantilever beam can be treated as an inhomogeneous
boundary condition containing the eigenvalue as shown in Figure 3.4. The equation of

motion and boundary conditions of the system are described in Eq. 3.1-3.3 [80].

Equation of motion:
o'u(x,t)  d*u(x,t)
EIl pw +m Py =0 ( 3.1)

At the fixed end (x=0), the boundary conditions are:

u0,))=0
ou(0,1) ( 32)
—2 70
ox
At the free end (x=L), the boundary conditions are:
[ d*u(L,0) 8 u(L,t)
EI = =], —(—=2
o’ 0 acz( x )
) (33)
u(L,t) *u(L,t)
EI =M,—2
{ o’ o’
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where L, E and I are the length, Young’s modulus, and moment of inertia of the
composite beam respectively; My, and I are the mass and moment of inertia of the proof
mass respectively; m is the beam mass per unit length. The transverse displacement at
any point along the beam is denoted as u(x,t), which is a function of both the spatial

coordinate x and the time t.

X
M m B BB E e m B o m s o M-—l -a_z.(éu—)
u=0 "o ox
%=0 &
u
V=Moo

Figure 3.4: Boundary condition of a cantilever beam with a proof mass on the free end;
M and V are the bending moment and shear force generated from the proof

mass
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Here, only silicon and PZT layers are considered in this composite beam, since
the silicon oxide, top-, and bottom-electrode layers are relatively thin. Therefore, the

equivalent EI of the composite beam is defined in Eq. 3.4

EI=E,-1,+E, I, ( 34)

where E; and E; are the Young’s moduli of silicon and PZT; Is and Ip are the moment of
inertia of the silicon and PZT layers about the neutral axis of the composite beam.

Using the method of separation of variables, u(x,t) can be expressed in Eq. 3.5.
Therefore, the equation of motion ( Eq. 3.1) can be separated into Eq. 3.6 and Eq. 3.7 by

introducing the eigenvalue (@?).

u(x,t) = g(r)* y(x) (35)
2

ddg()m 2(f)=0 (36)
Eld;’;(f)-mw’y(x) (37)

By substituting Eq. 3.5 into Eq. 3.2 and 3.3, the time-independent boundary conditions

are obtained in Eq. 3.8 and 3.9. At the fixed end (x=0), the boundary conditions are:
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y(0)=0
(38)
& _,
dx

At free end (x=L), the boundary conditions are:

2
EI d’y dx(zL) 1o d.;(:)
) (39)
d’y(l) _
- B @ y(L)

The solution of Eq. 3.7 is expressed in Eq. 3.10 with four constants, C,, Cz, C3, and C,.

y(x) = C;sin fix + C, cos fix + C,sinh fix + C, cosh fx (310)

where £ is the re-defined eigenvalue given in Eq. 3.11.

gt = ma’ (3.11)

Applying the four boundary conditions (Eq. 3.8 and 3.9) to Eq. 3.10, a matrix can be
obtained (Eq. 3.12):
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0 1 0 1 'Cl" 0]
1 0 1 0
. . C 0
sin AL + cos AL - -sinh AL + —cosh AL + 2
ﬁ-ﬂ’cosﬂ ﬁﬂ’sinﬂ i,t?’coshﬂL -Ilﬁ’sinh,& X =| [(312)
m m m m c, 0
-cosfL+ sinfL cosh AL sinh AL
ﬂ,t?sinﬂl, +ﬂcosﬂl +ﬂﬁsinhﬂl. +-Aﬁ’-ﬁcoshﬂ. C Lo
L m m m m J L -

For a non-trivial solution, the determinant of the first matrix in Eq. 3.12 has to be zero.

By plotting the determinant as a function of 8 (see Figure 3.5), the eigenvalue (8,)

corresponding to each mode of the structure where the determinant is zero can be
numerically calculated (using MATLAB program). The subscripts denote the n" mode

of the eigenvalue, eigenfunction, and resonant frequency. Knowing £, , the resonant
frequency (@, ) can be calculated from Eq. 3.11; in addition, the ratios of C, to C;, C;,
and C,4 can be obtained. Therefore, the eigenfunction (¢, ), or normal mode, is obtained

by Eq. 3.10 given the ratios of C, to Cz, C;, and C,. However, the magnitude of the
eigenfunction is not unique and can scale in any way. Here, it is convenient to normalize

the eigenfunctions so that the normalized values satisfy the relationship (Eq. 3.13):

[ me?wyax =1 (3.13)
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Figure 3.6 shows the first two modes of the medium beam (1.27mm in length). The

total displacement response can be obtained by supposing the mode response shown in

(3.14)

Eq. 3.14.
ux.0 =2 ¢,(x)- 2,0
nw=l
40 1 1 § T
O0p---- Firsfiiode "1™ """ """ "Sécbud mode T
o). BT3B
Y1 SRS S0 N
¥ : :
£ o/ P —— ;
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Figure 3.5: Eigenvalues corresponding to the first and second modes of a cantilever beam
(1.27mm in length) with a proof mass at the free end
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Figure 3.6: Mode shape of a cantilever beam (1.27mm in length) with a proof mass on
the free end

3.1.3 Analytical Solution of Charge Sensitivity

To calculate the sensitivity of the accelerometer, a load (P) is defined as the force
generated from the proof mass under a one-g acceleration (9.8m/s); as a result, the
charge output is the sensitivity. For the forced vibration, a normalized forcing term is

added on the righthand side of Eq. 3.6 to yield Eq. 3.15.
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d’g, (0
d2

+0'g,0 = [ ¢,(0) P(x)ax (315)

Since the frequency for the sensitivity calculation is in the flat frequency response range
below the first resonant frequency; the quasistatic solution of Eq. 3.15 (g, ) is solved by
setting the second time derivative term of Eq. 3.15 to be zero. Finite element analysis
(FEA) of the PZT MEMS accelerometers were also performed using ANSYS, assuming
under this condition (quasistatic analysis with piezoelectric coupling). Here, only the
first two modes are superposed and expressed in Eq. 3.16. It gives a reasonable

approximation (within 90%) for the quasistatic response [80].

2
yx)=) 4,(x)-g, (3.16)

n=|
Then the bending moment (M) along the x direction can be obtained by Eq. 3.17.

d2
M= El-dx— (3.17)

Since the Young’s modulus of PZT and silicon are different, the stress distribution along

the y axis of the composite beam is not continuous (see Figure 3.7). However, the
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normal strain (&, ) is continuous. Therefore, the average normal stress on the PZT

layer (o, ) can be calculated by Eq. 3.18.

(3.18)

where yj is the distance from the neutral axis to the middle of the PZT layer.

PZT

Yo

seigassarsassesilorsans:

neutral axis

Si

Figure 3.7: Stress distribution of the PZT and silicon composite beam along the y axis

The distribution of the normal stress (o, ) at the middle of the PZT layer along the x-axis
is plotted in Figure 3.8. There also is a shear stress (7,,) on the PZT films, when the

beam is subjected to pure bending. However, it does not contribute to the charge output

of the PZT accelerometer, because it is in the d,s mode and no electrode is placed on the
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area normal to the x axis. As a result, the constitutive equations of the piezoelectric

film can be simplified into one dimension. The dielectric displacement caused by o, can

be obtained by simply substituting Eq. 3.18 into Eq. 1.5. Finally, the total charge can be

obtained by integrating over the top electrode area as Eq. 3.19.
0= [0, dyb,d (3.19)

where by, is the width of the top electrode. The analytical solution based on the above

calculation will be compared to the FEA and measured values in Chapter 5.
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Figure 3.8: The distribution of the normal stress in the middle of the PZT layer for a
cantilever beam beam (1.27mm in length) with a proof mass on the free end
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3.1.4 Optimization of PZT and Silicon Beam Thickness

The thickness of the PZT and silicon layers plays an important role in the
structure dynamics, influencing the sensitivity and resonant frequency. However, the
piezoelectric constant is not independent of the PZT film thickness. It increases with
increasing film thickness (see Figure 3.9). [68]). Therefore, it is not appropriate to
optimize the PZT and silicon beam thickness without considering material properties.
For example, Figure 3.10 (a) shows that the thickness of the PZT layer needs to be as
thin as possible to obtain the maximum sensitivity, when assuming the piezoelectric
constant is independent of the PZT thickness and the silicon beam thickness is fixed at 50
um. However, the PZT thickness needs to be as thick as possible to have the maximum
sensitivity (see Figure 3.10 (b), when the thickness-dependent piezoelectric constant is
applied. This is because the effect of the thickness-dependent piezoelectric constant is
greater than the effect of the structure dynamics for the thickness of interest. In the
summary, it is necessary to consider all the parameters in terms of structure dynamics,
film properties, and manufacturing feasibility to have a practical optimization. Two

approaches are used and illustrated in the following.
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Figure 3.9: Thickness dependence of piezoelectric constant of PZT film [68)
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Case 1- maximum sensitivity:

From Figure 3.9, it is clear that the thicker the PZT film, the higher the sensitivity
that can be achieved; however, the film thickness is limited because of manufacturing
feasibility. The film starts to crack after a certain thickness because of the stress build-up
during deposition. For practical purposes, the PZT film was fixed at 6 um, which can be
routinely achieved at Penn State. Figure 3.1/ shows the sensitivity for different
thicknesses of the silicon beam. The sensitivity increases with decreasing silicon
thickness, because the bending stiffness of the composite beam decreases. As a result,
under the same acceleration, the strain on the PZT film increases with lower beam
stiffnesses. However, the neutral axis of the composite beam moves from the silicon
layer toward the PZT layer with decreasing silicon thickness. The neutral axis moves
inside the PZT layer when the silicon thickness is smaller than 5.26 pm. Charges
generated on opposite sides of the neutral axis will have different signs. Hence, this will
result in some charge cancellation. When the rate of charge cancellation exceeds the rate
of decreasing stiffness, the sensitivity starts to decrease. The maximum sensitivity can be
obtained at a silicon thickness of 2.8 um. However, this thin silicon layer presents a

challenge in the manufacturing, which will be discussed in Section 4.3.3.

Case 2 - fixed resonant frequency
For some situations, the first fundamental resonant frequency of an accelerometer
needs to be specified in order to have the required bandwidth. Therefore, the equivalent

EI of the composite beam should be fixed. For maximum sensitivity at a fixed resonant
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frequency, the thickness of the PZT film should be set at the manufacturable maximum
and then the thickness of the silicon layer should be adjusted to achieve the desired

resonant frequency.

N
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Figure 3.11: Sensitivity of MEMS accelerometers for different thickness of silicon
layers; the thickness of the PZT layer is fixed at 6 pm
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3.1.5 Sensitivity and Bandwidth

A wide, flat frequency response and a high sensitivity are always desirable and
should be considered when designing an accelerometer. The former can be achieved by
increasing the first fundamental resonant frequency of the device; however, the
sensitivity will become lower. Therefore, there is a tradeoff between them and the device
design should be tailored for the specific applications. The intended frequency range of 9
to 20 kHz for the MEMS accelerometers in this work was chosen for machine monitoring

applications. This gives charge sensitivities ranging from 1 pC/g to 0.3 pC/g.

3.2 Processing Development

3.2.1 Overview

The PZT MEMS accelerometer is fabricated using bulk micromachining
technology. The free-standing structures are released by etching the bulk silicon
substrate from the backside of the wafer, while the front side contains the top electrode,
bottom electrode, and PZT layers. Therefore, both sides of the wafer need to be
processed and aligned with each other. As a result, front-to-backside photolithography
presents the first challenge of the processes. The feature size of MEMS accelerometers is
not critical compared to most microelectronic applications; however, the processing of
relatively thick layers presents other challenges. Patterning of thick PZT films has

already been discussed in the Chapter 2. Thick-resist photolithography is necessary to
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provide good step coverage over already patterned features and to provide enough

thickness for long DRIE steps.

3.2.2 Front-to-backside Alignment

Initially, etch-through holes were used as front-to-backside alignment marks.
KOH and tetramethyl ammonium hydroxide (TMAH), the two most common base
solutions for silicon crystal-orientation-dependent etching, were both used to etch holes
on the wafer. However, the subsequent processing steps were problematic because high-
quality PZT films could not be obtained by deposition either before or after the formation
of the etch-through holes. If the PZT films were deposited before the etching of holes,
there was no good way to protect them in the KOH or TMAH solution. On the other
hand, the PZT films deposited using the sol-gel method on the wafers with holes were not
uniform around the holes. Also, the wafers were easily broken during high temperature
processing (due largely to unintentional pitting of the wafer surfaces).

An alternative method was successfully carried out using a mechanical jig (a
design that originated from NIST and was made by Wilcoxon Research) for the front-to-
backside alignment. It consists of two photomask plates, which are clamped and aligned.
The holder is then subsequently disassembled and reassembled around the resist-coated
wafer. The schematic of the alignment jig is shown in Figure 3.12. Both sides of the
assembly are then exposed in a Karl Suss MA6 contact aligner. A <25um accuracy,

which is the best resolution for general mechanical fixtures, was routinely obtained.
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Figure 3.12: The mechanical jig for the front-to-backside alignment

3.2.3 Metallization

A Si/SiO,/Ti/Pt multilayer structure was used here as the initial substrate for
production of high quality PZT films. Pt is one of the preferred metals for the electrode
material because of its low resistivity and good stability against oxidation and reaction
with PZT during the subsequent high temperature processes. However, its adhesion to
Si/Si0; is poor; as a result, it peeled during the subsequent processing steps. Therefore, a
thin Ti layer was used as an adhesion promotion layer. 20nm of Ti was used to avoid the

formation of a thick, low permittivity TiO, layer between the ferroelectric and the bottom
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electrode. In addition, an important experimental result was that Ti/Pt metal layers
electron-gun evaporated at room temperature tend to have higher tensile stresses than
layers sputtered at ~300 — 400°C. As a result, the electrode/PZT film stack cracked and
peeled when deposited on the evaporated metal layer. Therefore, sputtered Ti/Pt layers
were utilized here. The sputtered Ti/Pt layers were prepared by a vendor (Nova
Electronic Materials, Richardson, TX).

For the top electrode, thermally evaporated Ni was initially used. However, the
resulting effective dielectric constant of the PZT pixels was ~600, which is lower than the
normal value, 1000. This is because of the formation of a low dielectric constant NiOy
thin layer at the PZT/Ni interface; as a result, the total capacitance dropped due to the low
capacitance material in series. Therefore, the top electrode was switched to Ti/Au or
Cr/Au, which has a greater resistance to oxidation. In addition, the top Au contacts

facilitate the final wire-bonding steps with Au bonding wire.

3.2.4 Thick-resist Photolithography

Thick resist was needed in the process for two reasons: providing good step
coverage over the already etched patterns and providing enough thickness for the DRIE
steps. AZ4620 photoresist (Hoechst Celanese Corp., Somerville, NJ) was used. One
main difference between the thick resist and thin resist (such as Shipley 1800 series) is
that the viscosity of the thick resist is much larger. As a result, it is difficult to wet the
wafer surface completely and achieve good adhesion. Therefore, a dispersion step was

utilized to spread the resist evenly on the surface at low spin speed and to wet the surface
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completely. However, the uniformity of the resist becomes poor (especially on the
wafer edge), if the dispersion speed is too low. From the experiment, it was found that
370 rpm dispersion speed can provide both good adhesion and uniformity. Thickness
control was also important for the thick resist processing. However, many variables, such
as surface topology, surface condition, wafer size, and initial location of resist, affect the
thickness. Therefore, the spin curve was measured first; it shows a 35% deviation from
the recommended data (see Figure 3.13). All of the following processes were based on
the measured curve. The photolithography steps using this resist are detailed in Table
3.2. The thickness used for the PZT etch mask was 6.9 um, where good step coverage
can be obtained over patterned PZT films up to 6 um thick. However, excessive
photoresist thickness is not preferred, since it would complicate the resist stripping step
following dry etching. For the mask for DRIE steps, the selectivity of the resist to silicon
is about 50 to 1. Therefore, a 13um resist layer was sufficient for etching through the

entire wafer.
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Figure 3.13: Spin curve of AZ4620 photoresist

Table 3.2: AZ4620 photolithography steps

Step Description Remark
1 Dehydrate 10min@ 120°C Remove moisture
2 HMDS 10sec@ 3600rpm Improve adhesion
3 Sovead 15sec@ 370rp Better dispense for
re sec m
P thick resist
See Figure 3.13 for
4 Spin 45sec gur
the thickness
5 Softbake 200sec@ 110° C
5.2 sec/um@ 40mJ/cm’ per pm
6 Expose 5
10mW/ cm (from data sheet)
Developer:
7 Develop 180sec pet
AZ400K:4DI
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3.2.5 Deep Reactive Ion Etching

The DRIE steps for the cantilever-beam accelerometers were done at BF
Goodrich Advanced Micromachines (Cleveland, Ohio) using a Surface Technology
Systems (STS) single-chamber multiplex ICP etcher using the Bosch® process, which is
licensed by Robert Bosch GmbH [46]. The processing principles [81] as well as the pre-
and post- processing procedures developed in this work are discussed in the following:

For the DRIE process, an inductively coupled plasma (ICP) source is the key to
provide high concentrations of etching species at low pressure and low dc bias. Unlike
the capacitively coupled plasma source, an ICP source uses electrodeless excitation;
therefore, it avoids the high—voltage sheath. ICP can achieve a plasma density about 100
times higher than the capacitively coupled one with a dc voltage of ~20-30 V [82]. In
addition, the electrode, on which the wafer is placed, is independently driven by a
capacitively coupled rf source to control the ion energy. Hence, it is possible to
independently control the ion fluxes (through the coil source power) and ion-bombarding
energy (through the wafer rf power) of the ICP source. The high density plasma provides
the high concentrations of etching species (thus the high silicon etch rate) and the low
ion-bombarding energy gives a high selectivity with respect to the etch mask (photoresist
or silicon oxide).

The process includes alternating cycles of etching and polymer deposition steps to
achieve an anisotropy on the order of 30:1. During the etching cycle, sulfur hexafluoride
(SFe) is used. Silicon is etched by the atomic fluorine dissociated from SF¢ and forms the

volatile SiFs. However, the silicon etch using fluorine radicals is spontaneous and does
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not require ion bombardment; this results in a nearly isotropic etch. Thus, the
subsequent polymer deposition cycle prevents lateral etching by sidewall passivation.
This is done using C4Fg gas. The polymer on the base is quickly removed during the re-
etching cycle where a low rf bias is applied, resulting in ion bombardment. Silicon
etching takes place after the polymer is removed.

In the STS etcher, the wafer was electrostatically clamped and cooled with a He
flow on the backside of the wafer. For the photomask design, dies were separated when
the wafer was etched through. However, when the etching was nearly etched through,
leakage of He and shattering of dies were observed. To solve this problem, a carrier
wafer was glued to the front side of the wafer using Shipley 1813 photoresist (spun at
3600rpm). Both wafers were then baked on a hotplate at 100° C for 10 minutes. During
the baking, a ~5 Ib weight was applied on the wafers to get good contact and prevent the
formation of voids, which would reduce the thermal conductivity and cause bubble
formation during the DRIE steps. After finishing the DRIE steps, a combination of
plasma ashing and a modified Pirhana etch (Nanostrip, Cyantek Inc., Fremont CA) were

used to strip the photoresist residue.

3.2.6 Processing Procedures

The PZT MEMS accelerometer was fabricated using four photomask levels
including a front-to-backside alignment step. The four photomask levels include: a top

metal (referred to herein as M2) pattern which doubles as the PZT etch mask; a lower, or
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M1, metallization layer pattern; and two backside beam definition patterns (B1 and
B2) which form the silicon cantilevers. The fabrication process flow is shown in Figure
3.14 and is described in the following:

The starting substrate was a 4-inch diameter, n-type <100> (1-10 Q-cm), double-
side-polished silicon wafer. After standard RCA cleaning and a native oxide etching, an
800 nm thermal oxide was grown on the wafers, followed by the sputtering deposition of
a low-stress Ti (20 nm)/Pt (150 nm) lower metallization (M1) layer. The frontside oxide
serves as electrical isolation, while the patterned backside oxide serves as an etch mask
for the backside cantilever beam processing. A ~2um thick blanket PZT was deposited
by a sol-gel process. Following the PZT deposition, the top (M2) metallization layers of
8 nm Ti and 80 nm Au were deposited via thermal and electron-gun evaporation,
respectively. The first photolithography step was a front-to-backside alignment (masks
M2/PZT and B2) as described in section 3.3.2.

After development, the top Au layer was then wet etched using the gold etchant
(42% KI: 3% lodine Complex: 55% H,0) from Transene Company, Inc., Danvers, MA.
Then, a two-step wet etch process was utilized to pattern the PZT layer as described in
Section 2.2.5. The initial buffered oxide etch in the first step also serves to remove the
thin top Ti plus the exposed backside oxide and stops effectively on the underlying
frontside Pt.

The front side of the wafer was then patterned using the M1, or lower level metal,
mask using a thick AZ4620 resist (6um in this case). Using the resist, the lower Ti/Pt

layers were reactive ion etched (RIE) using a Plasma Therm RIE720. The etching
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species are a mixture of Cl, (27 sccm) and O; (3 sccm) gases at 6 mTorr and 400 W,
resulting in a 700V DC self-bias. A subsequent oxygen plasma ashing step was used to
remove the photoresist. Figure 3.15 shows the patterned top electrode/PZT and bottom

electrode layers.

At this point, the cantilever proof masses, beams, and die frames were formed by
a 4620 thick resist process and two DRIE steps. The proof masses and die frames were
defined by the Bl backside mask, using the AZ4620 resist with a thickness of
approximately 13um. The wafers were then attached backside-up to carrier wafers using
thin Shipley 1813 resist to maximize heat transfer to the cathode. The first DRIE step
was used to define the thickness of the cantilever beams; 50 +5um was obtained based on
a timed etch of 20 minutes. After the beam definition, an HF etch was used to remove the
patterned oxide on the beam areas, after which a ~2 hour DRIE step was used to etch

through the wafers (visual endpoint detection).

Figure 3.16 shows the released cantilever beam and proof mass after two DRIE
steps. The tapered profile of the proof-mass sidewalls resulted from two sources, heating
problems and a loading effect. The thermal conductivity of the thin bonding resist was
still too low and it resulted in photoresist bubbling. Therefore, the rf bias during the
etching cycle was lowered from its optimum value; as a result, the etching was more
isotropic. Furthermore, one wafer was not successfully etched through since it suffered
from low etch selectivity because of this problem. The thick resist was totally removed

half way through the etching procedure (i.e. the selectivity was about 20:1). The other
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main reason for the tapered profile was a loading effect. The area exposed to the
plasma was 53% of the wafer area. During the polymer deposition cycle, chemical
loading occurred because of this large exposed area. As a result, the polymer coating was
preferentially deposited near the resist. This resulted in non-uniform sidewall
passivation. That is, the sidewall was better protected in the area near the resist edge than
in the depth of the trench. The undercutting reduced the proof mass by 48% from the
designed value; therefore, it reduced the device sensitivity by approximately the same
margin. The frontside oxide was removed by another RIE step from the backside of the
wafer. The photoresist was stripped using a combination of plasma ashing and a Pirhana
etch, SH,S04:H,0,, (Nanostrip, Cyantek Inc., Fremont CA). After the final resist- strip

step, the accelerometers were ready for the testing.

The heating and loading problems were solved in subsequent designs, as will be

discussed in Chapter 4.
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Figure 3.14: Fabrication Process flow of PZT MEMS accelerometers
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Figure 3.15: Frontside process: patterned top electrode/PZT and bottom electrode
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Figure 3.16: SEM graph showing one of the cantilever beam and proof mass of the
accelerometer; the tapered profile resulted from heating and loading effects
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Chapter 4

MEMS Accelerometer Design II: Trampoline and Diaphragm Structures

In this chapter, two types of sensing structures, trampoline and diaphragm, were
investigated for the second generation of PZT MEMS accelerometers. Their design,

models, and fabrication processes were studied and compared to the first generation.

4.1 Device Design and Modeling of Trampoline-type Accelerometers

4.1.1 Device Structure and Design

The structure of the trampoline design consists of four co-joined beams with a
proof mass at the juncture. Figure 4.1 shows the schematic of the accelerometers. It is
fully symmetrical about the x and z axes; therefore, there is ideally no sensitivity to
transverse accelerations in these directions. The stress distribution on each beam will be
derived in section 4.1.3. The stress is a maximum at the fixed end (x=0) and linearly
decreases to zero at the middle of the beam,; then it linearly increases in the opposite sign
to another maximum at the end with the proof mass (x=L). Therefore, top electrodes at
the outer (fixed end) and inner sides of the beams need to be separated from each other in
order to avoid cancellation of piezoelectric charges generated from the PZT films. In this

design, the PZT films on the inner and outer sides of the beams are poled in different
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directions; therefore, the charges generated from these two areas can be added when
they are connected in parallel. One advantage of having a beam with opposite polarities
in separate areas is cancellation of the charges generated from thermal excursions. Since
PZT is pyroelectric, temperature changes also generate charge. However, PZT films on
the inner and outer sides of the beam are poled in opposite directions and the electrodes
are connected in parallel. Thus, the pyroelectric charges will be cancelled because they

are of opposite signs.

PEA MODEL OF TRAMPCLINE TYPR SENSING STRUCTURE

Figure 4.1: Schematic of a trampoline-type accelerometer

Three different sizes of trampoline-type accelerometers were designed here to

study the relationships between sensitivity and resonant frequency; their dimensions are

listed in Table 4.1.
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Table 4.1: Dimensions of the trampoline-type accelerometers
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Silicon beam: | Inner electrode: Outer electrode: Sensor
Device type | length®*width length *width length *width | Capacitance
(mm * mm) (um * pm) (um * pm) (nF)
I 1.1*0.8 350 * 730 350* 730 4.02
II 1.3*0.8 450 * 730 450 * 730 4.87
II 1.7*0.8 650 * 730 650 * 730 6.57
Note:

1) The average thickness of the silicon beams were 40 um and 60 pm for two different
wafers

2) The length, width, and thickness of the proof mass are 800, 800, and 450 pm

3) The capacitance calculation is based on the PZT thickness of 6 um and a dielectric
constant of 1000

MEMS accelerometers will be integrated with application specific integrated
circuit (ASIC) amplifiers for future smart sensor applications. Therefore, the capacitance
of the MEMS accelerometers is constrained by the need for compatibility with the ASIC.
For example, if the ASIC gain-bandwidth (GBW), which is the product of the amplifier’s
gain and bandwidth, is designed at IMHz (see Figure 4.2), then for a desired bandwidth
of 20kHz, the maximum gain is 50. The feedback capacitance of the ASIC amplifier
designed by Wilicoxon Research for the MEMS accelerometers is 105.6 pF. As a result,
the maximum capacitance of the MEMS accelerometer can be calculated from Eq. 1.5,
and is 5.28 nF. If the entire beam area is covered with top electrodes (with a PZT

thickness of 6 pm and dielectric constant of 1000), the capacitances are 5.88, 6.74, and
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8.46, which are all larger than 5.28 nF. In order to solve this problem, the top
electrodes are only placed on the highly stressed areas, which are close the frame for the
outer electrode and close to the proof mass for the inner electrode. Therefore, the
capacitance of MEMS accelerometers can be reduced to the desired value without
significantly reducing the sensitivity. The capacitances for different sizes of the

trampoline-type accelerometers are available in 7able 4. 1.

Gain

60 dB (1000) .
|

40 dB (100) | \
I
i |

20 dB (10) . ]
! \
1 } |

1 — T » Frequency
100Hz 1kHz 10kHz100kHz IMHz

0dB (1)

Figure 4.2: Gain-bandwidth (GWB) of an ASIC amplifier

4.1.2 Derivation of Structure Dynamics

Since the trampoline structure is fully symmetrical, modeling one beam with one-

fourth of the proof mass is sufficient to describe the dynamics of the whole structure.
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The structure for the modeling and the boundary conditions are shown in Figure 4.3.
Euler-Bernoulli beam theory is again used to describe the equation of motion of the beam
(Eq. 3.1). At the fixed end (x=0), the boundary conditions are the same as Eq. 3.2. At
the end with the proof mass (x=L), the shear force equals the inertial force provided from
the proof mass as expressed in Eq. 4.1. The slope at this end is zero because the
trampoline structure is symmetrical in the x direction. This provides another boundary
condition (Eq. 4.2).

At the end with the proof mass (x=L), the boundary conditions are:

Su(l,r) M, N d*u(L,t)

El
o’ 4 or?

( 41)

ou(L,t)
b S M)
ox

(42)
Using the same procedure (the separation of variables method) as described in the section
3.2.2, the time-independent boundary conditions can be determined. At the fixed end

(x=0), the boundary conditions are

y(©0)=0
( 43)
0 _,
dx
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At the end with the proof mass (x=L), the boundary conditions are

( (L) _,
dx
4 44
d*y(l)y Me*y(L ( )
-EI y = 0 y( )
ax’ 4

Applying these four boundary conditions (Eq. 4.3 and 4.4) to the solution of the equation

of motion (Eq. 3.8), a matrix can be obtained (Eq. 4.5):

0 l 0 l -C‘-‘ -OT

1 0 1 0
. . C 0

cos SL ~cosh AL ~sin AL -sinh AL 00 2
x = ( 45 )
C, 0
ﬂﬂsin,ﬂL—cosﬂL sinﬂL+ﬂﬂcosﬂL
4m 4m 0 0
Mo . . MO

- —= Bsinh AL -cosh fL -sinh AL -— B cosh AL C 0
L 4'" 4'" J* 4] S

Following the same procedures as described in section 3.2.2, the eigenvalue (/5,),
resonant frequency (@, ), and the eigenfunction (¢, ) corresponding to each mode of the

trampoline structure can be obtained. The eigenvalue and eigenfunction are plotted in

Figure 4.4 and Figure 4.5 respectively.
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Figure 4.5: First and second mode shapes of one arm of the trampoline structure; beam

length is 1.1 mm

4.1.3 Analytical Solution of Charge Sensitivity

The bending moment (M) and normal stress (o) on the beam can be calculated

by Eq. 3.16 and Eq. 3.17 respectively, following the procedure described in section 3.2.3.

The distribution of the normal stress in the middle of the PZT layer along the x-axis is
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plotted in Figure 4.6. The total charge can be obtained by integrating over the inner

and outer top electrodes (Eq. 4.6),
0=['0.dy-b, -dx~[ o, dy-b, d ( 46 )

where L1 and L2 are indicated in Figure 4.3.
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Figure 4.6: The distribution of the normal stress in the middle of the PZT layer under one
g acceleration; beam length is 1.1 mm
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4.2 Device Design and Finite Element Analysis (FEA) Model of Diaphragm-type
Accelerometers

4.2.1 Device Structure and Design

Another structure for the second-generation MEMS accelerometers is the annular
design. It consists of an annular diaphragm with an annular proof mass at the center of
the diaphragm. Since it is totally symmetrical, half of the structure is sufficient for
modeling. This is shown schematically in Figure 4.7 for the FEA simulation. The polar
coordinate system is used here to facilitate description of the structure. In this 3-D

structure, both radial stresses (o,) and tangential stresses (o,) contribute to the dj,

piezoelectric charges.

]

silicon frame silicon proof mass

PZT outer top inner top
electrode electrode

Figure 4.7: Schematic showing half of the diaphragm accelerometer
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4.2.2 FEA Simulation using ANSYS software

Finite element analysis (FEA) using ANSYS software was utilized to model the
structure. The stress distribution along the radial direction under a one g acceleration in
the z direction (out of plane) is plotted in Figure 4.8. Like the trampoline structure, the
stresses are of opposite signs for the outer (i.e. the side close to the frame) and inner sides
of the diaphragm. Therefore, the top electrodes are separated on the inner and outer sides
of the diaphragm and are placed only on the most highly stressed area for the same
reasons as the trampoline accelerometer. In addition, the resonant frequency was
calculated from the ANSYS simulation. Two different sizes of accelerometers were
designed and their dimensions are shown in Figure 4.9 and Table 4.2. The width of the
inner and outer electrodes is adjusted to have the same area. Therefore, the temperature

excursion effect can be minimized as described in Section 4.1.1.
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Stress Distribution Along the Radius

.908.MI 0.00108 0.00116 0.00124 0.00132 0.0014 0.00148 0.00156 0.00164 0.00172 0.0018

Fa1 ! b2
radius (m)

Figure 4.8: Stress distribution of a diaphragm accelerometer along the radial direction;
the solid line is radial stress and the dashed line is tangential stress

| -

Top electrode Diaphragm Proof mass

Figure 4.9: Top view of the diaphragm accelerometer showing the definitions of the

dimensions
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Table 4.2: Dimensions of diaphragm accelerometers

_ Fal o Toi Ib2 Capacitance
Device type oF
@m) | @m) | @m) | (@m) (nF)
| 1000 1280 1620 1800 6.18
II 1000 1256 1850 2000 573
Note:

1) The average thickness of the silicon diaphragms are 40 um and 60 pm for
two different wafers
2) The thickness of the proof mass is 450 pm

3) The capacitance calculation is based on a PZT thickness of 6 pm and
dielectric constant of 1000

The total charge output (sensitivity) can be obtained from Eq. 4.7.

.[{,[",12'(0’“’0)"131'd"'do“‘['flzz-(a,'b-da)'dn'd"'d9 ( 47)

4.3 Process Development

As discussed in Chapter 3, there were some problems and issues in the initial
fabrication runs. Therefore, improved fabrication processes were developed and are

discussed in the following section.
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4.3.1 Photomask Design

Both trampoline-type and diaphragm-type accelerometers were designed on the
same photomask set; in addition, some test patterns were included as well. Figure 4.10
shows their arrangement on the whole mask set. The important features and

modifications are described in the following:

field area

Figure 4.10: The second photomask set includes trampoline-type, diaphragm-type

accelerometers and testing patterns

Five photomask levels, which is one more than the previous design, were used.
The top electrode and the PZT layers were defined in the same photomask as in the

previous processes. Since the undercutting of PZT films is about 2 to 1 (lateral to
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thickness) as described in Section 2.2.5, the top metal sometimes contacted the bottom
electrode along the sidewall of the etched area (see Figure 4.11) causing an electrical
short. Therefore, two photomask levels with bias (15um for the trampoline design)
between them were used to separately define the PZT and top electrode layers. The

percentage of the occurrence of electrical shorts was reduced from 50% with the first

design to 10% with the second design.

Figure 4.11: SEM showing contact of top and bottom electrodes causing an electrical
short

In order to effectively use the wafer area, the size of each die was shrunk from 10
mm square in the first design to 6mm square in the second design. The total number of

dies on a 4” wafer increased from to 44 to 114. This was mainly achieved by reducing
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the frame area, which is non-functional. Therefore, the performance of the devices is
not affected while the utilization of a wafer is enhanced.

During the first-design fabrication runs, chemical loading during deep-trench
reactive ion etching (DRIE) step was observed because the area exposed to the plasma
was too large (~53%). To prevent this, two modifications to the design of the DRIE
mask level were made. First, the etched through area of the trampoline design was
reduced with the configuration shown in Figure 4.12. This reduces the exposed area,
while the performance of accelerometers is not affected. Second, the field area of the
photomask, which is defined as the area outside the die area (indicated in Figure 4.10),
was designed as a dark field to reduce the exposed area even more. With these
adjustments, the exposed area was reduced to ~24%. The loading effect was avoided

with this new design and the results will be shown in Section 4.3.4.

]| -
Rl

Figure 4.12: Etched through area of the trampoline design

area covered
with resist to
reduce the

exposed area
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Three types of testing patterns were also designed in the photomask set for the

purposes of process monitoring and film characterization. For process monitoring,
patterns for the end-point detection of silicon oxide etching and for the accuracy of front-
to-backside alignment were designed. The pattern for the end-point detection enabled
measurement by ellipsometer to ensure the complete etching of silicon oxide without
over etching. Thus, the silicon beam area can be better defined. An etched through hole
is designed to measure the accuracy of the front-to-backside alignment using the
mechanical jig; Figure 4.13 shows the designed pattern. The misalignment between the
etched through hole and the patterned bottom metals can be measured using microscopy.
It shows the misalignment of 9.5 um in the x direction and 17.5 pm in the z direction,

which as described before is about the best resolution for the mechanical assembly.
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etched-through hole etch alignment marks

Figure 4.13: The accuracy of front-to-backside alignment using the mechanical jig was
measured from this pattern; the misalignment is 9.5 pm in the x direction
and 17.5 pm in the z direction, typical for this jig

The sensitivity of the accelerometer is proportional to the piezoelectric constant of
the PZT films (d3;); therefore, measurement of the piezoelectric constant on the device
wafer leads to a more accurate theoretical calculation of the accelerometer sensitivity.
Thus, a pattern was designed for the measurement of the piezoelectric constant. The

measurement procedure and results were discussed in Section 2.3.3.
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4.3.2 Metallization

The top electrode metallization scheme for the previous fabrication utilized Ti
(8nm) and Au (80nm). Al, Cr, Ti, and Zr are the four film metals usually used to
improve adhesion between an oxide surface and other metals because they form strongly
bonded surface oxides [83]. However, it was found that Ti is easily attacked by HF and
HF is used in the first-step of PZT etching. As a result, some of the top electrodes
delaminated after the PZT etching. The adhesion layer was switched from Ti to Cr, since
Cr was found to have a better adhesion with Au and better resistance to HF than Ti. In
addition, better adhesion of top electrodes is important for the wire-bonding step during
the device packaging, since poor adhesion presents one of the failure mechanisms for the

wire-bonding step. The improved metallization of the top electrodes is shown in Figure

4.14.
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r electrode

®)

Figure 4.14: The improved metallization of the top electrodes for (a) diaphragm type and
(b) trampoline type accelerometers
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4.3.3 Backside Processing

Previously, the backside oxide layer was also etched during the first step of the
PZT etching. However, the relatively longer etching time for the first-step PZT etching
(due to the thicker PZT films) caused over-etching of the backside oxide layer. As a
result, the silicon beam dimensions were changed. In this run, these two etching steps
were separated to have a precise etching time for each step. Figure 4.15 shows improved
backside processing including the well patterned silicon oxide and thick photoresist

layers.

Silicg

Figure 4.15: The improved backside processing including the well patterned silicon oxide
and thick photoresist layers
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4.3.4 DRIE

Both commercial DRIE etchers from Surface Technology Systems, Ltd. (STS)
and Plasma Therm, Inc. (PTI) were used in fabricating the second-generation
accelerometers. One significant difference between these two etchers is the wafer holder.
The STS etcher uses electrostatic force to hold the processing wafer. Therefore, a carrier
wafer is needed as described in Section 3.3.6, since the MEMS accelerometers are etched
through. The heating (therefore, selectivity) problem, observed in the previous
fabrication, was improved by taking a five-minute break for each ten-minute etch. For
the PTI etcher, an alumina clamp was used to mechanically hold the wafer on the edge;
therefore, no carrier is needed. The wafer cooling is more effective and no heating
problem was observed.

The etched profile of the proof mass was greatly improved because chemical
loading was prevented with the new mask design as described in section 4.3.2. The
sidewall profiles improved from 45° to 83° for the first and second designs respectively

(see Figure 4.16). This results in better control of the performance of the accelerometers.
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(b)

Figure 4.16: Etched profiles of the proof mass for first (a) and second-generation (b)
accelerometers; the proof mass in (b) was cut from its supporting trampoline
structure
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Variations in the thickness of the silicon beams and diaphragms will
significantly affect the sensitivity and resonant frequency of the accelerometers.
Therefore, a uniform DRIE etch rate over a 4” wafer is desirable to have a better control
over the thickness of the silicon beams and diaphragms. Furthermore, well controlled
etch rates are necessary, as a small variation of the etch rate will result in a large variation
in the thickness after a long etching time. For example, a variation of 6% in the etch rate
will cause a variation of 27 um in the thickness, when a 450 um thick silicon wafer is
etched through. Compared to the designed silicon thickness, 40 um and 60 um, and the
optimized silicon thickness, 2.8 um (described in section 3.2.4), the 27 um variation is
relatively large. This will significantly reduce the controllability of device performance
over a 4" wafer.

However, a very uniform etch rate is difficult to obtain in DRIE etchers. Many
parameters affect the etching rate uniformity such as temperature uniformity, the
geometric arrangement of the power coil and the gas feed schemes, feature density
(locally exposed area to plasma) and local rates of plasma density formation and loss.
The etching rate uniformities for the STS and PTI etchers were measured and are shown
in Figure 4.17. In this case, the rf power coil arrangement of the ICP etcher has the
dominant effect [81]. The etch rate is higher on the periphery of the wafer because the
plasma density is higher at this area, which is closer to the rf power coil. Another
important observation found was that the lower etch rate benefits uniformity [81]. This is
because the higher etching rate increases the difficulty in transporting etched products; as

a result, a non-uniform concentration is formed over the wafer. Therefore, the ion flux

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102
and neutral reactants are non-uniform over the surface, causing the non-uniform etch
rates. It is evident that non-uniformities are 20.18% (STS etcher), 7.34% (PTI-1), and
5.43% (PTI-2) for the average etching rates of 2.28, 1.50, and 1.29 pm/minute

respectively.

| Etching Rate Uniformity of DRIE g

3.20

2.80 - w
2.40 - __W !

2.00 - — - . —e—STS
160 e —| |-&PTI-1|
1.20 —a—a- o e-—a-80n-08 | PTI-2|
080 }——
040 ———
0.00

Etch Rate (micron/minute)

. . : ‘ !
0 20 40 60 80 100 E
Distance across 4" wafer (mm) |

Figure 4.17: Etching rate uniformity over 4” wafers for STS and PTI etchers; the higher

etching rate results in a higher non-uniformity

4.3.5 Processing Procedures

The fabrication procedures of the second-design accelerometers were improved
from the procedures of the first design. The entire procedure integrating the improved

processes is described in the following.
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The PZT MEMS accelerometers of the second design were fabricated using
five photomask levels including a front-to-backside alignment step. The five photomask
levels include: a top electrode pattern (referred to herein as M2), a PZT etch mask pattern
(PZT), a bottom electrode pattern (M1), and two backside beam definition patterns (Bl
and B2) which form the trampoline and diaphragm structures. The fabrication process
flow is shown in Figure 4.18.

The starting substrate was a 4-inch diameter, n-type <100> (1-10 Q-cm), double-
side-polished silicon wafer. After standard RCA cleaning and native oxide etch, an 800
nm thermal oxide was grown on the wafers, followed by the sputter deposition of a low-
stress Ti (20 nm)/Pt (150 nm) lower metallization layer. A ~6um thick blanket PZT was
deposited by a sol-gel process. Following the PZT deposition, the top metallization
layers of Cr (8nm) and Au (80nm) were deposited via thermal and electron-gun
evaporation, respectively. The first photolithography step was a front-to-backside
alignment (masks M2 and B2) as described in section 3.3.2.

After development, the top Au layer was then wet etched using a gold etchant
(Transene Inc., Danvers MA). Using the same mask layer, the Cr was etched using a
mixture of 6%HNO3:16%(NH;)Ce(NOs)s:78%H,0 (Transene Inc., Danvers MA). The
backside oxide was reactive ion etched (RIE) using a CF4/O; mixture (45:5 sccm) at
100mTorr and 150W (resulting in a 220V DC self-bias).

After stripping the photoresist on both sides, the backside of the wafer was spin-
coated with photoresist to protect the already patterned silicon oxide during the

subsequent PZT etching step. After another photolithography step (using the PZT mask),
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the two-step wet etch process was utilized to pattern the thick PZT layer as described

in Section 2.2.5.

After PZT etching, the front side of the wafer was then patterned using the M1
mask followed by the RIE of lower Ti/Pt electrode layers. A subsequent oxygen plasma
ashing step was used to remove the photoresist. At this point, the frontside processing
was finished.

Thick resist photolithography (Bl mask) was utilized to define the die frames,
diaphragms, and proof masses of the trampoline structures. A 13um thick AZ4620
photoresist, which can be obtained at a spin speed of 1500rpm, was used. Before the
DRIE steps, the frontside of the wafer was spin coated with Shipley 1813 photoresist to
protect the films during the oxide etching between the two DRIE steps. The first DRIE
step was used to define the thickness of the beams and diaphragms. Two wafers were
etched in the Plasma Therm ICP770 etcher for 24 and 40 minutes and an etched depth of
40 +1.5 um and 60 +2 pm was obtained, respectively. After defining the beam and
diaphragm thickness, BOE was used to remove the patterned oxide on the beam areas,
after which a second DRIE step was used to etch through the wafers (visual endpoint
detection).

After DRIE steps, the frontside oxide was removed from the backside of the wafer
by another RIE step. The final step was photoresist stripping. In the previous
fabrication, the photoresist on the front of the wafer was burned during the DRIE steps,
since wafer cooling was not effective when using a carrier wafer. Therefore, it took a

long time to strip the resist using a combination of oxygen plasma ashing and a Pirhana
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etch (5H,S04:H;0;). The metal traces of the bottom electrode were attacked during
the Pirhana etch and this caused electrical open circuits. To avoid this problem, a new
base-type stripper, ACT935 resist stripper (Ashland Chemical Company, Covington KY),
with a composition of 55%HOCH,CH,NH,, 20%NH,0H, 5%CsHs(OH), , and 20%H,0
(all in weight percent), was used. This solution is preferred since the top and bottom
electrode metals have a better resistance to this chemical composition than the Pirhana
etch. Figure 4.19 shows a diaphragm-type accelerometer after finishing the processing
steps. After the final resist-strip step, the accelerometers were ready for packaging and

testing.
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1) SiOo/Ti/Pt/PZT/Ti/Au
deposition

PZT SiO, Si Thick PR

Cr/Au Ti/Pt PR

4) Dry etch of backside silicon

2) Front-to-backsid
) Front-to-backside oxide using CF, and O, plasma

align photolithography

3) Top electrode (Cr/Au) 5) Etching of thick PZT films;
etch backside was coated with

photoresist

Figure 4.18: Fabrication process flow for second-generation MEMS accelerometers
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6) Patterning of bottom electrode 8) Second DRIE step after
using RIE (Cl; plasma); thick HF etch of backside oxide
photoresist was used to provide R
better step coverage

7) First DRIE step to define 9) Frontside oxide etch
beam or diaphragm thickness  and resist strip

Figure 4.18: Fabrication process flow (continued)
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Figure 4.19: A diaphragm-type accelerometer compared to a penny after finishing the

processing steps
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Chapter §

Characterization of MEMS Accelerometers

5.1 Frequency Response Measurement

The frequency response of the accelerometers will be described first since it is of
interest for most vibration applications. A description of the measurement principle will

be introduced, followed by the equipment setup and measurement procedure.

5.1.1 Introduction

There is a direct linear relationship between the input and output for any linear
system. In the time domain, the relationship is determined by the system impulse
response function, h(t), using the convolution integral of Eq. 5.1 [79]. For the
accelerometer case, the input is the initial force (P) or acceleration and the output is the

piezoelectric charge (Q) or voltage output.

0() = [ P(&)* he - §)de (51)
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This relationship is much simpler in the frequency domain. A Fourier transform of
the output function, Q(@ ), can be obtained easily from the product of the frequency
response function, H(@), and the Fourier transform of the input function, P(@), as

shown in Eq. 5.2.

Q(w)= H(w)- P(0) (52)

This is why most vibration problems are analyzed in the frequency domain
instead of the time domain. Here, the dynamic frequency response of the accelerometers
was measured to obtain their sensitivity, H(@ ), and their resonant frequency. From Eq.
5.2, it is clear that both the applied force and the piezoelectric charge output need to be
measured in order to calculate the sensitivity of the accelerometers. However, it is
difficult to measure the absolute value of the applied force. Instead, a comparison
measurement using a reference accelerometer was utilized. The frequency response
measurement was done both at PSU and at Wilcoxon Research utilizing the same
principles, but with different sample handing to verify the accuracy of the results. The
equipment setup and measurement procedures at PSU are described in the following

section.

5.1.2 Equipment Setup and Measurement Procedure

A schematic of the equipment setup is shown in Figure 5.1. An electromagnetic

shaker (Wilcoxon F3), which has a usable frequency range of 25 ~ 10,000 Hz, was used
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to mechanically excite the accelerometers in one direction as the applied force (or

input acceleration). An aluminum plate, shown in Figure 5.2, designed to hold both
MEMS and reference (Wilcoxon 736) accelerometers was screwed to the shaker. Thus,
the applied force to both accelerometers should be the same. In addition, the aluminum

plate was electrically grounded to shield the MEMS accelerometer from electromagnetic

interference (EMI) from the shaker.

HP 3562A
Dynamic signal analyzer

Reference ,
accelerometer

MEMS accelerometer

Shaker

¢—| Power amplifier |q—

Figure 5. 1: Schematic of the equipment setup for the frequency response measurement
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Figure 5.2: Aluminum holder designed for frequency response measurement of the

MEMS accelerometer sensitivity

Initially, the MEMS accelerometers were contacted using spring probes for the
signal output. It was found that the contact force from the probes could introduce a large
piezoelectric charge when the sample was driven mechanically by the shaker. Therefore,
the charge sensitivity was artificially amplified. To solve this problem, bonding wires
were used for the signal output. The MEMS accelerometer was glued to a ceramic
substrate, which has screen-printed contact pads. Then the contact pads on the MEMS
accelerometer were wire-bonded to the contact pads on the ceramic substrate. Finally, a
co-axial wire was soldered to the ceramic substrate for the signal output.

The charge output of the MEMS accelerometer was connected to a charge

amplifier with a 10 pF feedback capacitor (the configuration is shown in Figure 1.3).
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Therefore, the amplification is 10 mV/pC. The reference accelerometer with a built-
in charge amplifier has a voltage sensitivity of 100 mV/g and a first fundamental resonant
frequency at 52 kHz. The outputs of both accelerometers (after-amplifier) were
connected to a two-channel dynamic signal analyzer (HP 3562A). A sweep-sine signal,
generated by the analyzer and then amplified by a power amplifier (Harmon/Kardon
330c), was used to drive the shaker. The output signals were acquired by the signal
analyzer and analyzed using a transfer function measurement. Through this
measurement, the voltage ratio of the MEMS accelerometer to the reference
accelerometer was obtained. Therefore, the unknown applied force was cancelled as
indicated in Eq. 5.3. The voltage sensitivity of the MEMS accelerometer is simply the
product of the voltage ratio and the sensitivity of the reference accelerometer in the
frequency domain. Finally, the charge sensitivity was calculated from the charge

amplification (0.1 pC/mV) and the voltage sensitivity.

R(w): VMEMS(w) _ fin_,s(a))-l’(w) _ Hums(w)

V(@) H@)Pp) H() ( 53)

where Vimems(@ ), V@), Huems(@ ), H{@) are the voltage output and sensitivity for
MEMS and reference accelerometers respectively. In addition, the resonant frequency

can be obtained through this measurement, if it occurs below 10 kHz.
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5.1.3 Tested Results

The frequency responses for different types of accelerometers are shown in
Figures 5.3 to Figure 5.5. All of them show a flat frequency response from ~250 Hz to
their first fundamental resonant frequency, a desirable feature for an accelerometer
design. Below 250 Hz, the frequency response shows a roll off. This could be caused by
the leakage of piezoelectric charges. This is why piezoelectric-type accelerometers are
generally not used for near dc measurements [20]. In Figure 3.5, another peak around 40
kHz is observed in the frequency response. It comes from the mode of the metal case
used for temporarily packaging the MEMS accelerometer. Hermetic packaging can solve
this problem in future iterations. The charge sensitivities were calculated at 1 kHz
following the procedure described in the previous section and plotted as a function of the
corresponding resonant frequencies in Figure 5.6. The frequency variations for each type
of accelerometer were caused by variations of the silicon diaphragm thickness. The
curve shows that the sensitivity increases with decreasing resonant frequency, in good

agreement with the conclusions from Section 3.2.5.
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5.2 Impedance Resonance Measurements

Piezoelectric PZT films can also be excited electrically.  Impedance
measurements of bulk piezoelectric ceramics are widely used to extract material
properties [53]. Here, impedance measurements were used to complement the frequency
response measurements of the sensitivity. This was particularly useful when the MEMS
accelerometer resonant frequency is higher than that which the shaker can achieve. An
impedance analyzer (HP 4194A) was used and the oscillating voltage was set at 0.5 V
without DC bias. Figure 5.7 shows one of the measured impedance curves and the
resonant peak is around 12.27 kHz. The measured resonant frequency is in good
agreement with that measured from frequency response measurement both at PSU and

Wilcoxon Research.

Phase Angle (deg)

impedance (kQ)

Frequency (kHz)

Figure 5.7: The impedance measurement of the diaphragm type MEMS accelerometer
showing the resonant peak at 12.27 kHz; Z is the impedance and @ is the
phase
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5.3 Comparison of Theoretical and Measured Results

§.3.1 Comparison of Analytical and FEA Results

The analytical dynamic models of the cantilever beams and trampoline structures
described in Chapters 3 and 4 provide useful information for the accelerometer design.
Furthermore, they provide insight into the device physics (such as the relationship
between dimensions and material parameters), which are difficult to incorporate
explicitly in the FEA model. However, some assumptions in the analytic models affect
the accuracy of the predicted results. For example, the resonant frequency of the analytic
solution is higher than that calculated from FEA. This is because the proof mass in the
analytic model is treated as a mass concentrated at position L (see Figure 3.4 and 4.3)
instead of a distributed mass; as a result, the equivalent stiffness of the whole structure is
higher with this assumption. In contrast, the bending moment generated from the proof
mass is smaller with this assumption; as a result, the sensitivity of the analytic model is
smaller than that calculated from FEA. From Table 5.1, it can be seen that the difference
between the analytic and FEA results is smaller for longer beams (both for cantilever and
trampoline types). The reason is that the size of the proof mass, which is the same for
each type, is relatively close to a concentrated mass for a longer beam.

In summary, it is suggested that the analytic model can be used in prototyping
designs, since it provides more insight between design parameters and it results in an

acceptable error. However, for detailed evaluations and comparisons, FEA modeling is
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recommended. The following section will compare the measured results of the

MEMS accelerometers with the FEA results.

Table 5.1. Comparison of analytic and FEA results

Resonant Frequency (kHz) Sensitivity (pC/g)
Device Type Analytic [ FEA Analytic | FEA
Cantilever | 27.5 20.0 0.18 0.27
(1.0 mm)
Cantilever II 18.8 14.8 0.31 0.46
(1.27 mm)
Cantilever III 10.6 9.3 0.69 0.91
(1.8 mm)
Trampoline | 33.2 319 0.15 0.23
(1.1 mm)
Trampoline II 254 24.5 0.23 0.33
(1.3 mm)
Trampoline III 16.4 16.0 0.49 0.56
(1.7 mm)
1) The proof mass for the cantilever beam is 300*350*450 um
(length* width*thickness)
2) The proof mass for the cantilever beam is 800*800*450 um
(length*width*thickness)
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5.3.2 Comparison of Measured and FEA Results

Since the thickness of the silicon beam (or diaphragm) deviated from the desired

values (40 um and 60 um) because of the non-uniform etching rate of the DRIE steps as

described in Section 4.3.4, the sensitivity and resonant frequency also differed from the

theoretical value as well. In order to have a better comparison, the thickness of the

silicon diaphragm corresponding to each measured resonant frequency and device type

was calculated. Consequently, the sensitivity corresponding to a particular silicon

thickness was calculated (see Table 5.2).

Table 5.2: Comparison of FEA and measured results

Measured
Resonant
Device type Frequency Sensitivity
(kHz) (pC/e)
Annular [ 11.01 1.45
Annular [ 12.27 1.53
Annular [ 17.80 0.50
Annular [ 39.00 0.27
Annular II 3.70 7.60
Annular [I 21.12 0.53
Annular II 22.06 047
Trampoline 111 4430 0.1 R T e
1. Sensitivity and silicon thickness are calculates the measured
resonant frequency for each type of devices
2. The Young's modulus and d3; of the PZT film used in the calculations were
100 GPa and -45 pC/N
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The average measured sensitivity is 36.3% below the FEA value; Figure 5.8
shows the percent of the measured sensitivity over the FEA sensitivity vs. the resonant
frequency. There are several possible reasons for the observed difference between the
theoretical and measured sensitivity. First, misalignment of the front-to-backside
photolithography can result in the misplacement of the top electrode on the highly
stressed area. The measured misalignment according to section 4.3.1 was 20 um and the

top electrode widths of the diaphragm design are 180 pm (outer), 280 um (inner) and 150

pm (outer), 256 pm (inner) for type I and II designs respectively. Therefore, the error
from the misalignment could be around 10% or more. Second, the profile and dimension
of the beam or diaphragm were not perfect. For example, the profile of the bottom of the
proof mass or frame was convex instead of a perfect square (sece Figure 5.9).
Consequently, the stress distribution on this area, which is the highly stressed area, was
not exactly the same as the modeled one. This will affect the accuracy of the sensitivity
calculation. Finally, the Young’s modulus of the silicon is not isotropic and an average
value of 150 GPa was used for the calculation. In summary, the difference between the
experimental and theoretical results is acceptable and it shows good control of the
material preparation and device fabrication. In the future, the disparity can be reduced
with better understanding of the material properties, improved modeling of the real
geometry of the accelerometer, and better processing control (DRIE and front-to-

backside alignment).
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Figure 5.8: The average tested sensitivity is 36.3% below the FEA value

Conves vorner

Figure 5.9: Etched profile of the proof mass (diaphragm type) showing an imperfect
vertical wall
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In the measurement, another important material property of PZT films was

also observed. In Figure 5.8, the frequency difference for each type of accelerometers
was mainly caused by variations of the silicon thickness. Therefore, it can be re-plotted
by changing the x-axis from frequency to the corresponding silicon thickness, as shown
in Figure 5.10. From the figure, the ratio between the measured sensitivity and the FEA
calculations is nearly constant (~60%) down to a silicon thickness of ~30 um, and then
starts to increase with decreasing silicon thickness. One possible origin for this behavior
would be that the piezoelectric constant starts to increase with decreasing silicon
thickness below this point. If so, then the piezoelectric constant at a silicon thickness of
6.1 um is about two times larger than the average value for the heavily clamped films.
This difference is much larger than the point-to-point variations in the piezoelectric
coefficient of the film. It is likely that the increase response results from removal of the
clamping of the PZT films from the silicon substrate [84]. The clamping effect has not
been observed experimentally in the past because of the lack of micromachining
techniques to efficiently remove the bulk silicon substrate. Another possibility is that the
structure itself deforms due to stress relief, leading to the part behaving more like a shell
than a straight diaphragm. Consequently, the stresses may be amplified. Future work to
clarify the origin of this behavior should be undertaken. This is a very good initiation for
a further detailed study on the clamping effect of PZT films leveraging from the

microfabrication processing and testing techniques developed in this work.
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Figure 5.10: The ratio of the measured sensitivities to the theoretical ones plotted as a
function of the silicon thickness; the PZT thickness is 5.6 ym
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The major contributions and findings of this research included developing
analytical and FEA modeling for piezoelectric accelerometers, developing an appropriate
fabrication route for the accelerometers, including the etching of thick PZT films
combined with DRIE processing, and comparing the measured sensitivities to the

predicted values.

6.1.1 Design and Modeling

Dynamic models of the cantilever and trampoline accelerometers were derived via
structural dynamics and the constitutive equations of linear elastic, piezoelectric
materials. In addition to the time-dependent transverse vibration equation, the mode
shape, resonant frequency and sensitivity of the accelerometers were calculated through
these models. These aid in understanding the relationships between the design
parameters. Optimization of the thickness of the PZT and silicon beams, which is critical
to the sensitivity of the accelerometers, was achieved. It was found that the effects of the

structural dynamics, the material properties, and manufacturability issues all need to be
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considered to avoid incorrect conclusions. Two approaches to the optimization were

demonstrated for different accelerometers specifications.

6.1.2 Fabrication

This work is the first demonstration of fabricating bulk-micromachined
accelerometers combining the DRIE releasing strategy and thick piezoelectric PZT films.
The processes developed in this research are beneficial for future research on PZT-based
MEMS devices. The important processes developed are summarized in the following:

A mechanical jig is demonstrated to provide ease of use and acceptable accuracy
(< 25 pm) for front-to-backside alignment. Pt(150nm)/Ti(20nm) bottom electrodes
sputtered at temperatures of 300-400° C were preferable to electron-gun films evaporated
at room temperature, since they provide better adhesion for subsequent high-temperature
PZT crystallization steps. For the top electrode, Auw/Cr is preferable to AwTi, both
because Cr provides better adhesion between PZT and Au, and because it shows better
resistance to the subsequent PZT etching.

Processes for patterning thick PZT films were developed and characterized. A
two-step etching process was developed to pattern thick PZT films. In the first step, 10:1
buffered HF is used to remove the majority of the film at room temperature. However,
etching thick PZT films using HF-based solutions forms metal-fluoride residues, which
have low solubility. Therefore, a second etching step, 2HCI:H,O at 450 C, was used to
remove these residues. A high etch rate (0.13 um/min), extremely high selectivity with

respect to photoresist, and limited undercutting (2:1 lateral to thickness) were obtained.
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Furthermore, no adverse effect on the properties of etched films is found in
permittivity, dielectric loss, P-E hysteresis loop, and piezoelectric measurements.

It was found that the etching profile obtained in the DRIE steps is greatly affected
by the fraction of the wafer surface exposed to the plasma because of the chemical
loading effect. The chemical loading was minimized by designing smallcr cxposed areas,
yielding a near vertical side wall (83°). It was found that the uniformity of the DRIE
etching rate can be improved by decreasing the etching rate. The thesis successfully
demonstrates the manufacturability of integrating high-performance piezoelectric PZT
films with the DRIE releasing technique. This opens a new field for future MEMS

technology.

6.1.3 Measurement and Results

It was found that probe testing was not adequate for the piezoelectric-type devices
when they were mechanically excited during the measurement. This was because the
contact force from the probe generated considerable piezoelectric charge, influencing the
test results. Instead, wire-bonding was found to be more appropriate for the MEMS
accelerometer measurements.

A comparative test was used to measure the frequency response of the MEMS
accelerometer sensitivity. The results demonstrate high sensitivities and broad usable
frequency ranges of the piezoelectric-type MEMS accelerometers; the sensitivities range

from 0.1 to 7.6 pC/g for resonant frequencies ranging from 44.3 kHz to 3.7 kHz.
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Reasonable agreement with the FEA results (~ 36% difference) for sensitivity was
obtained.

Finally, the importance of substrate thickness in clamping the piezoelectric
response of PZT films was experimentally observed for the first time. It is found that the
piezoeiectric output for the PZT films started to rise when the silicon thickness was about
five times (~30 pum in this case) the PZT thickness (5.6 um). At a silicon thickness (6.1
um) about the same as the PZT film thickness, the effective piezoelectric constant was

nearly twice as large as the clamped one.

6.2 Future Work

There are a number of scientific and technological issues worthy of future
investigation, including changing the accelerometer configuration to maximize the figure
of merit, improving the fabrication procedure to increase the uniformity of the
accelerometers, using an interlayer electrode to increase the accelerometer sensitivity and
using the bulk-micromachining technology to study the material properties of PZT films.

To lower the sensor capacitance, an interdigitated electrode configuration could
be used, because in this case the capacitance is decided by the finger spacing instead of
the film thickness {85). 1n addition, PZT films in this configuration are poled in plane; in
other words, the d33 mode is applied. This could improve the charge sensitivity, since the
di3 piezoelectric constant is about twice as large as d3, for PZT films. However, the area

under the electrodes cannot be poled effectively; as a result, it does not contribute to the
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charge output. Therefore, optimization of finger width and spacing is necessary to
obtain a low capacitance and high sensitivity for the accelerometer.

Non-uniformity in the etching rate of the DRIE etcher causes variations of the
beam and diaphragm thickness across a wafer. This, in turn, causes variations in the
sensitivity and resonant frequency. This could be suived using silicon on insuiaior (SOI)
wafers, which have a buried silicon oxide layer between an active silicon layer and the
silicon substrate. During the DRIE step, the etch would stop at the silicon oxide layer
and the beam and diaphragm thickness would then be precisely controlled as the
thickness of the active silicon layer.

As discussed in the section of the optimization of the PZT and silicon beam
thickness, the sensitivity increases with decreasing silicon thickness. However, the
piezoelectric charge starts to cancel when the neutral axis moves into the PZT layer. To
circumvent this, an interlayer electrode could be placed on the neutral axis inside the PZT
layer (see Figure 6.1). Therefore, the cancellation can be avoided and the sensitivity
could be increased to a maximum value with this new electrode design. However,
deposition of high-quality PZT thick films on this configuration could be a challenge. In
addition, the mechanical strength of the PZT film without a silicon supporting layer could
cause a failure problem.

The properties of the PZT films, such as Young’s modulus and the unclamped
piezoelectric constant, are not yet well understood. Taking advantage of the
microfabrication processing and measurement techniques developed in this thesis, they

could be studied in detail. A simple structure, such as a cantilever beam or a diaphragm,
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would be preferred since available analytical models of these structures would be

helpful to extract material properties from the experimental data. The Young’s modulus
of the PZT film could be calculated from the measured resonant frequency of the
structure, after removing the entire silicon layer. The clamped piezoelectric constant as a
function of the silicon thickness (or the ratio of the silicon and PZT layers) could be
obtained by changing the thickness of the silicon and PZT layers. Based on the measured

data, a theoretical model for the clamping effect could be derived.

vOI.ll

PZT PvTi

Figure 6.1: Interlayer electrodes for a high-sensitivity accelerometer design

In summary, this thesis demonstrates not only high-performance (high sensitivity

and broad bandwidth) MEMS accelerometers, but also opens a new field combining the

DRIE technique and piezoelectric PZT films for future MEMS applications.
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