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ABSTRACT
Ferroelectric

materials

such as

PbZr0.52Ti0.48O3

(PZT

52/48)

have

attractive

electromechanical properties for realizing micromachined sensors and actuators because of their
large piezoelectric coefficients and electromechanical coupling factors. In this thesis, a MEMS
piezoelectric device has been designed and fabricated via direct bulk micromachining of PZT that
can be optimized as both an actuator and a sensor. Unlike conventional unimorph and bimorph
structures, we present an innovative T-shaped structure in cross-section for these applications.
Chapter 1 briefly introduces the development of MEMS technology especially the
piezoelectric MEMS transducers and the back ground of our project. Research objectives are also
proposed. The conceptual design of the T-beam transducer will be covered in Chapter 2. The
Euler-Bernoulli beam theory based mathematical model for prediction of in-plane/out-of-plane
displacement and blocking force is introduced. Chapters 3 and 4 are the main contributions of this
work and described in detail the design fabrication process, and the performance of the
micromachined T-beam transducers. Different process recipes that are developed as part of this
work are summarized. These processes can now enable the realization of devices with complex
structures such as serpentine flexures from monolithic piezoelectric substrates and open up a
large design space for high performance MEMS transducers. The experimentally measured outof-plane, in-plane, and blocking force characteristics of the devices are described in Chapter 4.
Frequency response characteristics of the T-beams are also reported. As a demonstration of the
sensing functionality of the T-beam, the fabricated devices have been configured as
accelerometers and tested. One of the novel aspects of the device is its sensitivity to acceleration
along two orthogonal directions. Chapter 5 summarizes the thesis and suggests future work.
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Chapter 1

Introduction

1.1 Background and Motivation
The history of Micro Electro Mechanical Systems (MEMS) technology dates back to the
1960s with demonstration of the first resonant-gate silicon transistor, which contained a
freestanding metal beam, was fabricated in Westinghouse Research Laboratories [1]. It was the
first step in answering Richard Feynman‟s question “what are the possibilities of small but
movable machines” in his lecture “There‟s Plenty of Room at the Bottom” in 1959 [2].
Since the 1960‟s MEMS has witnessed significant developments and successful
commercialization of a wide array of devices. The small size and mass along with low power
consumption associated with most MEMS devices offers compelling advantages and has enabled
unprecedented applications of mechanical structures in shock, frequency, and sensitivity ranges
that are unattainable in their macroscopic analogs. A vast array of commercialized MEMS
products are now available which include inkjet print heads, pressure sensors, silicon
microphones, accelerometers, and gyroscopes, optical micromirror arrays based projection
systems, Lab-on-Chip (LOC) microfluidic systems for medical diagnostics and drug delivery [35], etc. Although the MEMS market experienced a partial downturn due to the current economic
crisis, it is still expected to reach $8.3 billion mark by the year 2012, up from $5.6 billion in 2006,
as depicted in Fig. 1.1. Consumer electronics, automotive and medical devices remain the three
biggest sections of the whole market share.
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Fig. 1.1 Compound Annual Growth Rate (CAGR) of worldwide MEMS market from 2006 to
2013 (Source: iSuppli Market Research, available from [6]).
Silicon has always been the standard substrate material for MEMS and even today most
MEMS fabrication equipment are designed for 4 inch, or 6 inch silicon wafers [2, 7]. Majority of
the MEMS devices and products are still made of silicon or utilize silicon as the major functional
material, due to several desirable mechanical characteristics of silicon which include (i) high
Young‟s modulus (~160 GPa), (ii) low mass density (2.3 g/cc), (iii) high hardness (850 kg/mm2)
and (iv) high yield stress ( ~7 GPa). Over the years several micromachining techniques have been
successfully developed. For example, the Bosch deep reactive ion etching process has led to large
design latitude in the development of high performance bulk micromachined devices. On the
other hand, a greater understanding of stress and stress control in deposited thin films and their
selective etching processes have led to rapid advances in surface micromachining and integrated
CMOS process and the availability prototyping services such as MUMPs (Multi-user MEMS
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processes), MEMSCAP [8-10], etc. Fig. 1.2 shows a micromechanical system fabricated at
Sandia National Laboratories using SUMMiT process [11].

Fig. 1.2 Micromechanical system fabricated with SUMMiT-V process.
Although silicon is the dominant material in MEMS industry, the use of non-silicon
materials such as Electro Active Polymer (EAP), glass, ceramics, etc. has always been an ever
growing trend. There are many advantages of doing it this way. Non-silicon materials in many
instances can be less expensive alternatives to silicon based materials, and in some cases may
offer the only viable characteristics for the application. But the most compelling argument for the
use of such materials is that superior functionality can be achieved upon successful integration of
such materials into MEMS structures [12].
Piezoelectric materials are capable of providing electrical charge when mechanically
stressed and vice versa. In the past two decades, piezoelectric material based MEMS has been the
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subject of intense academic research. Integration of piezoelectric materials in MEMS devices
enables a direct transduction mechanism to convert signals from mechanical to electrical domain
and vice versa. The development of piezoelectric material based MEMS began in the 1990s [13],
including ultrasonic micro motors [14], micro pumps and micro valves [15], accelerometers and
gyroscopes [16], sensing and actuating elements in Atomic Force Microscope (AFM) cantilevers
[17] and ultrasonic transducers for medical applications [18]. The most successful piezoelectric
MEMS devices at present are the commercially available aluminum nitride-based film bulk
acoustic resonators (FBARs) from Agilent Technologies [19].
Among the various piezoelectric materials, such as quartz, Barium Titanate,
Polyvinylidene Fluoride (PVDF) and Lead Zirconate Titanate (PZT), PZT stands out due to its
high piezoelectric and electromechanical coupling coefficients. It was developed by Yutaka
Takagi, Gen Shirane and Etsuro Sawaguchi, physicists at the Tokyo Institute of Technology
around 1952 [20, 21].
There are different types of PZT and the physical properties of the commonly used ones
are summarized in Table 1.1.
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Table 1.1 Physical properties of the commonly used PZT material (Source from Boston
Piezo-Optics Inc., available from [22]).
PZT-4

PZT-5A

PZT-5H

PZT-8

.700

.710

.750

.640

(Piezoelectric
constants)

295

374

585

225

(Piezoelectric
constants)

-122

-171

-265

-97

7600

7500

7500

7500

7.8

6.6

6.4

9.9

(Poisson ratio)

0.31

0.31

0.31

0.31

Curie point (°F)

325

350

195

300

(Coupling
coefficients)

Density (

)

(Young‟s modulus)

1.2 Research Objectives
The objective of this project is to micromachine a piezoelectric cantilever beam structure
with T-shaped cross section. The device is designed to be selectively actuated to generate both inplane and out-of-plane motion. In addition, the piezoelectric effect can be utilized in the converse
mode whereby the T-beam cantilever structure can be configured as an accelerometer with or
without the inclusion of an integrated proof mass. In other words, the bulk micromachined
piezoelectric T-beam structure can be used as a multifunctional mechanical transducer.
Using established mathematical models that predict the performance of the T-beam
structures, the optimal structural dimensions are determined and the conceptual design of the
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microscale device is finalized. New MEMS fabrication processes and process recipes are
developed to accomplish the objectives outlined in this work. Web and flange electrode masks are
designed and the patterns transferred onto the substrate via photolithography.
The final part of this work presents the detailed measurement and characterization of the
devices. Results of static and dynamic testing of micromachined T-beam actuators are presented.
Specific device characteristics such as tip displacement, and blocking force are compared with the
analytical predictions. Impedance analyzer based frequency response of the T-beam structures are
used to determine the resonance frequency. An experiment setup based on a Wilcoxon
electromagnetic shaker table and a charge amplifier are used perform the initial accelerometer
measurements and to evaluate the potential of the structure for 2-axis acceleration sensitivity.

Fig. 1.3 Three approaches toward fabricating piezoelectric MEMS devices [23].
To realize piezoelectric devices, there are mainly three approaches: (i) deposition of
piezoelectric thin films on silicon substrates with appropriate insulating and conducting layers
followed by surface or silicon bulk micromachining to realize the micromachined transducers
(„additive approach‟), (ii) direct bulk micromachining of piezoelectric materials followed by
putting on electrodes over the required areas to realize micromachined transducers („subtractive
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approach‟) and (iii) integrate micromachined structures in silicon via bonding techniques onto
bulk piezoelectric substrates („integrative approach‟), as shown in Fig. 1.3. We choose to use the
second approach in this work leading to the development and implementation of a whole new
bulk micromachining process applicable to PZT substrates.

Chapter 2

Piezoelectricity and Conceptual Design of T-beam Transducers

2.1 Review of the Phenomena of Piezoelectricity
Piezoelectricity is the ability of some materials to generate an electric field or electric
potential in response to applied mechanical stress. The first demonstration of the direct
piezoelectric effect was in 1880 by the brothers Pierre Curie and Jacques Curie. They combined
the knowledge of piezoelectricity with the understanding of the underlying crystal structures to
predict and demonstrated the effect in crystals of tourmaline, quartz, topaz, cane sugar, and
Rochelle salt. Quartz and Rochelle salt exhibited the most piezoelectricity [24, 25]. Since then,
piezoelectric effects have been found to occur in a wide range of other crystals.

Fig. 2.1 Illustration of piezoelectricity effect.
In the following year (1881), Lippmann predicted that if an electric field was applied to a
piezoelectric crystal, it would deform (illustrated in Fig. 2.1), which was experimentally validated
by the Curie brothers in the same year [26]. This implies that electrical energy can be transduced
into mechanical energy and is referred to as the reverse piezoelectric effect. One of the most
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appealing aspects of piezoelectricity for modern applications is the simplicity and speed of the
transduction mechanism.

Fig. 2.2 Illustration of dipole moments in quartz unit cell. (a) Cell unstressed, (b) Cell in
compression, (c) Cell in extension, adapted from [26].
The mechanism of the piezoelectric effect is closely related to the occurrence of electric
dipole moments in solids, induced on crystal lattice sites with asymmetric charge surroundings
(as in BaTiO3 and PZTs) or may directly be carried by molecular groups (as in cane sugar). The
dipole moment is a measure of the separation of the centers of the positive and negative electrical
charges in the material – i.e. the materials overall charge polarity as shown in Fig. 2.2. As every
dipole is a vector, the dipole density or polarization P is also a vector or a directed quantity
pointing from the negative towards the positive charge [26]. Of decisive importance for the
piezoelectric effect is just the change of polarization P when a mechanical stress is applied,
caused either by a re-configuration of the dipole-inducing surrounding or by re-orientation of
molecular dipole moments under the influence of the external stress. That is to say
piezoelectricity is not caused by a change in charge density on the surface, but by dipole density
in the bulk. For example, a
a voltage of 12500 V [24].

cube of quartz with 2 kN of correctly applied force can produce
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2.2 Piezoelectric Figures of Merit
There are five important figures of merit in piezoelectrics: the piezoelectric strain
constant , the piezoelectric voltage constant , the electromechanical coupling factor , the
mechanical quality factor

, and the acoustic impedance

[27].

2.2.1 Piezoelectric Strain Constant d
The piezoelectric strain constant

relates the magnitude of the induced strain

to an

external electric field , represented in matrix form as:
(Eq. 1)
This constant is an important index for actuation applications. The first term in the
expression is the stress-strain relationship via the modulus SE of the material, where

represents

applied stress.

2.2.2 Piezoelectric Voltage Constant g
An important figure of merit for sensing applications, relates the induced electric field
and the external stress , and is expressed as
(Eq. 2)
Including the dielectric polarization of the material, the above relation is more generally
written as
(Eq. 3)
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where

is the dielectric polarization,

is the vacuum permittivity (

), and

is the material‟s relative permittivity (dielectric constant). For sensing application, the electric
field

is 0.
Combining the two equations (Eq. 2) and (Eq. 3), we have
(Eq. 4)
Considering (Eq. 2), the relation between and

is derived to be:
(Eq. 5)

2.2.3 The Piezoelectric Equations
In general if the applied electric field and the generated stress are not large, the stress X
and the dielectric displacement D can be represented by the following equations:
(Eq. 6)
(Eq. 7)
where i, j=1, 2, …, 6; m, k=1, 2, 3. The term

is the converse piezoelectric effect matrix,

is the direct piezoelectric effect, E is the zero or constant electric field and X is the zero or
constant stress field.
For PZT, the equations can be written out full in matrix form, we have:
E
 x1   S11
x  S E
 2   21E
 x 3   S31
  0
x4  
 x5   0
  
 x 6   0

S12E
S22E
S32E
0
0

S13E
S23E
S33E
0
0

0
0
0
S 44E
0

0
0
0
0
S55E

0

0

0

0

  X1   0
   
 X2   0
 X   0
 3  
 X4   0
  X  d
  5   15
E
E
E
S66  2  S11  S12    X 6   0
0
0
0
0
0

0
0
0
d 24
0
0

d31 
d32 
 E1 
d33   
  E2
0   
 E3 
0   

0 
(Eq. 8)
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0
 D1   0
D    0
0
 2 
 D3   d31 d32

0
0
d33

0
d 24
0

d15
0
0

 X1 
X 
0   2  11 0
0   E1 
 X3  

0       0  22 0    E 2 
X
0   4   0
0  33   E 3 
 X5 
 
 X 6 

(Eq. 9)

(Eq. 8) and (Eq. 9) are called the piezoelectric equations [24, 27], which are the
foundation of our design of T-beam transducers.

2.2.4 Electromechanical Coupling Factor k
The electromechanical coupling factor

is related to the conversion efficiency between

electrical energy and mechanical energy and is defined as square root of the ratio of the
mechanical (electrical) energy converted to the input electrical (mechanical) energy for the
piezoelectric material.

The input electrical energy per unit volume is given by
energy is given by

and the stored mechanical

, where is elastic compliance. Therefore
(Eq. 10)

2.2.5 Mechanical Quality Factor QM
The mechanical quality factor QM characterizes the sharpness of the electromechanical
resonance spectrum. It is defined as the ratio of energy input into the resonator, divided by energy
lost in the resonator per oscillation cycle and is often defined in terms of the shape of the
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resonance curve as the ratio of the resonance frequency to the full width at half maximum in the
impedance or admittance plots at resonance. When the motional admittance
the resonance frequency

is plotted around

, the mechanical quality factor QM is defined as
(Eq. 11)

in which

is the bandwidth where the energy of steady-state vibration decays to half of

the maximum energy (illustrated in Fig. 2.3). The value of QM is very important in describing the
magnitude of the resonant strain and high QM indicates low loss of mechanical energy.

Fig. 2.3 Illustration of mechanical quality factor.

2.2.6 Acoustic Impedance Z
The acoustic impedance

is a parameter used for evaluating the acoustic energy transfer

between two materials. For a solid material, it is generally defined as
(Eq. 12)
where

is the density, and is the elastic stiffness of the material. The acoustic impedance is

particularly important in the design of actuators in that it must be adjusted to a proper value to
match to the load the actuator is driving in order to maximize the output mechanical power
transfer.
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2.3 The T-Beam Actuator Concept
The conceptual design of a cantilevered T-beam actuator that has a T-shaped cross
section is shown in Fig. 2.4. For describing the T-beam, we define the central raised ridge as the
web and the two thinned down region on either side of the web as the flange regions. The entire
T-beam is machined monolithically from PZT with electrodes deposited on the top of the web,
the top of each flange, and the bottom of the entire device. The bottom electrode acts as a ground.
The PZT is poled through-the-thickness from top to bottom. The uniqueness of this design is that
T-beam actuator can be bent both in-plane and out-of-plane by selectively activating the various
electrodes. Out-of-plane motion can be achieved by applying voltage between either the web
electrode and the bottom electrode or to both the flange electrodes and the bottom electrode.
Application of voltage to the web electrode causes the web to expand through the thickness and
contract along its length (d31 piezoelectric effect). However, the inactive flange constrains the
lower part of the T-beam, acting as the passive layer in a unimorph design, and the beam bends
upward. Alternatively upon flange actuation, the two flanges contract while the web resists
contraction, and the T-beam bends downward (see Fig. 2.4 (b)). The T-beam can also provide inplane displacement by differential application of voltage to the two flanges. For in-plane bending
the left and right flange electrodes are actuated separately to produce left and right bending as
shown in Fig. 2.4 (c) and (d), respectively.
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Fig. 2.4 Schematic illustration of the T-beam structure. Pink implies activated electrodes. (a) Tbeam with web, flange, and bottom electrodes. (b) Flange-actuation for out-of-plane movement.
This could also be realized by web-actuation. (c) Flange-actuation for leftward in-plane
movement. (d) Flange-actuation for rightward in-plane movement. Adapted from [28].

2.4 Mathematical Model and Optimization of T-beam
In order to predict the performance of the devices in this work, mathematical model of
the T-beam has been established. The model has been used to determine the optimal crosssectional geometry of the T-beam structure for maximum displacement, blocking force and
mechanical energy.

2.4.1 T-beam Mathematical Model
The mathematical model required to describe the static deflections of T-beam actuators
has been done as part of doctoral dissertation thesis in the group by Hareesh Kommepalli [29] and
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is briefly described here for completeness. Fig. 2.5 shows schematic illustration of the parameters
used this model. The model is also based on Euler-Bernoulli beam and theory and assumes
uniform electric field through thickness, and the longitudinal axis runs through the centroid of the
T-beam cross section so that it is not twisted.

Fig. 2.5 Mathematical model for T-beam. (a) Initial and deflected shape for out-of-plane
(front view), and in-plane (top view), (b) Cross section. Adapted from [29].
In this Section, the meanings of the symbols used are listed in Table 2.1.
Table 2.1 List of symbols.
Symbol

Meaning

Symbol

Meaning

longitudinal
direction

potential energy of passive region

transverse direction

potential energy of active region

out-of-plane
direction

total potential energy
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web width

electric field

flange thickness

electric enthalpy
piezoelectric constants:

total hight

piezoelectric stress coefficient:

total width

natural permitivity:

total length

coupling coefficients,

centroid
Young‟s modulus:

permitivity of PZT,

From Fig. 2.5 (b), the centroid of the T-beam is located at a distance from the upper
flange
(Eq. 13)
The governing equations are obtained using the principal of virtual work, we have
2
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E  u
 2v
2w 

x

x

 dV
2
3
2  x1
x12
x12 

(Eq. 14)

U p   HdV

(Eq. 15)

U  Ub  U p

(Eq. 16)

Vp

The electric enthalpy H for the active piezoelectric material is obtained from
piezoelectric constitutive equations with electric boundary condition as
2

2
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in which the coefficients are listed in Table 2.2.
Applying (Eq. 14) ~ (Eq. 16) into the principal of virtual work

(Eq. 17)
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(Eq. 18)

The field equations can be acquired:
d 4 w  x1 
d 4v  x1 
d 2u  x1 

0,

0,
 0, x   0, L 
dx14
dx14
dx12

(Eq. 19)

With the fixed end boundary conditions, the solutions are found to be:

w  x1  

  LF3  a4VAp  x12

2  2a2 I p 3  2a3 Ap  EI b3 

v  x1  
So at the end tip
w L  



  LF2  a8VAp  x12
2E  I p 2  Ib 2 

F3 x13
6  2a2 I p 3  2a3 Ap  EI b3 



F2 x13
6E  I p 2  Ib 2 

(Eq. 20)

(Eq. 21)

, the displacements are:
a4 Ap L2V

2  2a2 I p 3  2a3 Ap  EI b 3 
v  L 

a8 Ap 2 L2V



F3 L3
3  2a2 I p 3  2a3 Ap  EI b 3 

2E  I p 2  Ib 2 



F2 L3
3E  I p 2  I b 2 

(Eq. 22)

(Eq. 23)

Therefore the free tip displacement can expressed as:
wf  

vf 

a4 Ap L2V

2  2a2 I p 3  2a3 Ap  EI b 3 
a8 Ap 2 L2V

2E  I p 2  Ib 2 

(Eq. 24)

(Eq. 25)

And the blocking forces are:

F2b  
F3b 

3a8 Ap 2V
2L

3a4 ApV
2L

(Eq. 26)

(Eq. 27)

19
Table 2.2 Coefficients for electric enthalpy equation [29].
Web actuating

Flange actuating

0

0
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2.4.2 Cross Section Optimization
The cross section is optimized in a non-dimensionalized way so that the performance of
the T-beam can be generalized. Six non-dimensional parameters are defined:

,

,

,

,
The first four are straightforward to understand, and
material property parameter and

denotes a non-dimensional

is the non-dimensional electric field.

Similarly the tip displacement

and blocking force

can be normalized as

,
(Eq. 24) ~ (Eq. 27) can be expressed in the form of these non-dimensional terms such that
optimization towards maximum displacement, blocking force or mechanical energy can be
realized. Detailed analysis is documented in [29].

Fig. 2.6 Optimization contour for tip displacement. Result shows that for maximum tip
displacement, the optimal ratios of b* and t* are 0.381.
For the optimization of maximum blocking force, the optimal ratios are of b* and t* are
also 0.381. Not surprisingly this optimal ratio is 1 minus the golden ratio, which might unveil the
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intrinsic property of the device. With the optimization results, the dimensions of the cross section
of the micro scale T-beam transducers can be determined.

2.5 Comparison of Different Cantilever Beam Transducers
The cantilever structure can be considered as an elementary building block from which
various complex micromechanical structures can be configured. The simple cantilever structure
has found applications from the atomic force microscopy to sensitive biosensor structures, and
mechanical resonators and switch structures for high frequency applications.
Considering a generalized case for cantilever beam in which the effect of shear
deformation and rotary inertia are neglected, the governing equation of the beam can be described
using Euler- Bernoulli beam theory as [30, 31]:
(Eq. 28)
in which y is the transverse displacement, E is Young‟s modulus, I is the moment of inertia,
the beam density, b is the width, t is the thickness and

is

is the force.

The beam has a fixed end boundary condition, so the displacement and slope are to be
zero:
(Eq. 29)
And at the free end, the bending moment and shear force will be zero:
(Eq. 30)
For the simple case of a point load F applied at the end of the cantilever, the deflection
(x) as a function of position can be given by:
(Eq. 31)
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where E is Young‟s modulus, L is the beam length and I is the moment of inertia of the beam
(1/12wt3, w is the width, t is the thickness of the beam). From the analysis of the maximum
deflection at the cantilever tip and the applied load, the cantilever‟s spring constant k can be
derived as:
(Eq. 32)
where F is force and w is the cantilever width.
By separating the variables in (Eq. 28) and applying the boundary conditions, the
characteristic equation is found to be:
(Eq. 33)
Therefore the natural frequencies can be determined as:
(Eq. 34)
MEMS cantilever beams can be briefly categorized into monolithic beams and stacked
beams. For stacked beams, there are: (i) the unimorph beam, which consists of one active layer
and one passive (inactive) layer, (ii) the bimorph beam which consists of two active layers
working concurrently, and (iii) the multi-layered beam. The principal advantage of the silicon
MEMS cantilever beams is their low cost and ease of fabrication in large arrays [32], however for
stacked beams or micromachined cantilever beams fabricated from materials other than silicon
and the silicon-associated materials the challenges can be formidable. In stacked structures, the
different layers have to be bonded together and the stress mismatch between the layers during the
during the bonding process results in a residual stress in the composite structure and as a
consequence results in variably deflected structures after release [28]. The T-beam structure
described in this work overcomes the complications associated with stacked beam structures and
is the focus of this work.

Chapter 3

Fabrication
Macro scale T-beam actuators have been fabricated and are currently being used for the
fabrication of Nano Air Vehicle (NAV) prototypes. The reported T-beam has the cross section in
millimeter scale, with total length around 40
beams, 1

. Because of the relatively large scale of these

thick bulk PZT plate is used and all the T-beams are fabricated using 110/300

kerf blade on a dicing saw. Fig. 3.1 shows a photograph of such a packaged device. But the
mechanical cutting process is not desirable, as under the microscope the cutting area is found to
have ripples and the surface roughness is poor. Additionally, it is the objective of this work to
fabricate T-beams in microscale where the thickness of the PZT substrate is only 100

,

rendering the dicing method almost impossible. Therefore micromachining methods suitable for
the realization of these T-beam structures are required and will be described in detail in this
chapter.

Fig. 3.1 Photograph of macro scale T-beam transducer, fabricated with dicing saw.
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3.1 Overview of Fabrication Process

Fig. 3.2 MEMS fabrication process for T-beam transducer structure.
The fabrication process is schematically illustrated in Fig. 3.2. The 100
polished PZT substrate is coated with evaporated 100

of Cr and 350

thick,

of gold on both sides.

The web electrode is lithographically patterned onto the substrate, followed by nickel
electroplating. A thick layer of 16 ~ 20

of Ni is electroplated which acts as a hard mask

during the etching process. Electroplating conditions such as temperature, solution quality,
stirring rate and current density are carefully monitored in order to reduce the residual stress in
the nickel. An Inductively Coupled Plasma-Reactive Ion Etching (ICP-RIE) system is used for
four to five hours to form the T-shaped beams. An etch rate of 12

is achieved using 2000

W of ICP power, 400 W of substrate power, 5 sccm of sulphur-hexaflouride (SF6), and 50 sccm
of argon (Ar) on the PZT substrate [33]. Following the etch step, the flange electrodes are
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patterned onto the device using spray-coating and lift-off process. Finally, each beam structure is
released using a precision dicing saw. The yield of the process is around 90%. The whole
fabrication process will be documented and discussed in detail in the later sections.

3.2 Mask Design and Substrate Preparation

Fig. 3.3 Web electrode mask design.

Fig. 3.4 Flange electrode mask design.

In the proposed design, the T-beams will be selectively activated by web electrode, and
the flange electrodes, so the corresponding masks are designed. Web mask delineates the pattern
of all the webs and these areas are deposited with metal (nickel) masking layer during the reactive
ion etching. The remaining layer after etching serves as web electrode. Flange mask defines the
region of flange electrode that is deposited with a 100

thick chromium/gold metal layer as the

last step in the fabrication process. In order to validate and compare with the mathematical model
systematically, the web width, the flange width and the length of the beam are the three adjustable
parameters. Tanner EDA‟s L-edit Pro 12.0 is used for mask design. The actual masks and
parameters are shown respectively in Fig. 3.3, Fig. 3.4 and Table 3.1.
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Table 3.1 Parameters of the micro T-beams.
Flange width (

Web width
( )

15

30

50

60

80

)
100

150

200

30
50
60
100
150
200
Length (

2, 3, 5, 11.5

)

The PZT substrates used in this work is from Boston Piezo-Optics (BPO) Inc. The PZT
substrates have the thickness of 100

and have 100

of Cr and 350

of gold layers

evaporated on both the sides. The 1 inch by 1 inch substrate is quite brittle and very easy to break,
and is therefore mounted onto a glass slide using Shipley 1827 Photo Resist (PR) and then cut
into 0.5 inch by 0.5 inch squares with dicing saw.
The diced PZT substrate is thoroughly cleaned with acetone, isopropyl alcohol, and DI-water
in an ultrasonic cleaner and then blow-dried with nitrogen. In preparation for patterned
electroplating, the substrate is carefully mounted on a glass slide coated with Cr/Au, and a
transparent square in the center region. The PZT substrate is mounted in this region so as to keep
the substrate electrically insulated from the surrounding metal layer on the glass (refer to Fig.
3.10). After a series of tests, Microchem SU8-10 PR is used as the bonding layer. Although it
requires longer bonding time (50 °C, 24 hours), the bonding surface is free of bubbles and the
bonding strength is better in comparison to other types of PR and has been found to last through
the electroplating process better. The substrate can be easily unmounted using Remover PG®
solution at the end of the process.
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3.3 Photolithography Patterning and Evaluation
The patterns of the mask are transferred onto the substrate with contact photolithography
process. Since the selectivity nickel during the reactive ion etching process of PZT is ~1:5, the
thickness of the electroplated nickel has to be greater than 10
thickness of the PR to be around 10 to 15

. This specifies the minimum

. Shipley SPR 220-7.0 PR is therefore used for this

step. Based on empirical observations, the exposure time is set to be 10 seconds for 6 ~ 10 cycles
depending on the mercury lamp intensity and the exact thickness of the SPR 220 used. A little
over exposure in this step is beneficial as it ensures good adhesion between the hard mask and the
underlying gold seed layer. If the PR is under exposed, there will be underdeveloped photoresist
residue remaining on the surface in the area to be patterned.

Thickness of photo resist (m)

16

Spec sheet on 4''
wafer
Experiment result on
PZT substrate

14
12
10
8
6
4
1000

1300

1500

2000

2500

3000

3500

4000

Spin rate (rpm)
Fig. 3.5 Spin curve of SPR 220-7.0 (spec sheet data acquired from [34]).
Moisture also plays an important role during this process especially in the development
of PR. A half-an-hour soak time in ambient humidity was found to allow for the completion of
the photochemical reaction in the exposed PR. Keeping all the other conditions constant, the
spinning rate is adjusted so that the required thickness can be obtained (see Fig. 3.5). Although
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lower spin rate will result in a thicker PR, it is actually found that for the small square samples
used in this work it results in a very thick rim and hence a trade off in terms of the spin-speed is
required.
The sample is treated with 100% HMDS by spinning at 1500 rpm for 20 seconds,
followed by spin-coating with Shipley SPR 220-7.0 at 1800 rpm (ramping rate is 1000 rpm/s) for
30 seconds. It is then soft baked on three different hot plates: 90 °C for 2 minutes, 100 °C for 3
minutes, 110 °C for 2 minutes, and 90 °C for 3 minutes and then cooled down to room
temperature. After 10 minutes soaking time in ambient, the substrate is exposed in vacuum
contact using EVG 620 contact aligner; 10 seconds for 8 cycles, followed by another 30 minutes
soak in ambient. The substrate is developed using 100% Microposit® 452 developer for 3 minutes.
During the development, the solution is manually agitated. Finally the sample is rinsed with DIwater for 1 minute and hard baked at 110 °C for 3 minutes.
To evaluate the sample, an alpha-step profilometer is used. Unlike other recipes, the
depth of the PR is relatively uniform, and the average thickness is ~12
0.6

with variation of 0.4 ~

.

3.4 Generation of Hard Mask Layer

3.4.1 Overview
The goal of this work is to achieve a cross section of T shape through the etching process,
as shown in Fig. 3.6. Nickel exhibits a high etch selectivity over gold and PZT, i.e. etch rate of
nickel (in black) is much slower than that of gold and PZT (in yellow and green respectively and
the chrome layer (blue) is very thin to be of any significance). Thus nickel is used as the hard
mask layer in this work and provides enough selectivity to PZT to realize the T-beam structures.
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Although other materials such as Ti, Cr, Al, etc. [35, 36], depending on the specific etching
conditions, can be used as the hard mask materials, the ease of deposition as thick film and the
high selectivity of makes Ni a good choice for masking material in fluorine plasmas.

Fig. 3.6 Illustrating of etching mechanism.
The etching of PZT is a slow process. For the PZT substrate used in this work, up to 5
hours of etching is required to get the desirable cross sectional dimensions even at the fastest
etching rate currently achievable. Thus a thick ~10

nickel hard mask layer is required.

However, it should be noted that the conventional physical deposition methods such as thermal
evaporation and magnetron sputtering methods are impractical due to the slow deposition rates
attained in these methods. To overcome this limitation, electrodeposition of nickel is used in this
work.

3.4.2 Mechanism of Electroplating
Electroplating uses solution containing metal ions of interest (electrolyte) that is
subsequently reduced by via a passage of current at the cathode via reactions capable of
producing electrons needed to transfer the ions from the complex state in the solution into a solid
state on the surface of the substrate (cathode) [37]. Electroplating is popularly used for depositing
a layer of material to bestow a desired property (e.g., abrasion and wear resistance, corrosion
protection, lubricity, aesthetic qualities, etc.) to a surface that otherwise lacks that property – for
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example chrome plated iron parts are often used to prevent the formation of rust. Another
application uses electroplating to build up thickness on undersized parts [38]. Fig. 3.7
schematically illustrates the electroplating process.
The part to be coated is the cathode of the circuit and the anode is a pure metal plate
(which is nickel in this case). Both components are immersed in the solution called an electrolyte
containing one or more dissolved metal salts as well as other ions that permit the flow of
electricity. A rectifier supplies a direct current to the anode, oxidizing the metal atoms that
comprise it and allowing them to dissolve in the solution. At the cathode, the dissolved metal ions
in the electrolyte solution are reduced at the interface between the solution and the cathode, such
that they “plate out” onto the cathode. In this manner, the ions in the electrolyte bath are
continuously replenished by the anode [38].

Fig. 3.7 Schematic of electroplating process, adapted from [39]. Nickel target is the anode and
wafer is cathode.
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3.4.3 Quantitative Study of Nickel Electroplating
In the last section, the concept and mechanism of electroplating is introduced, whereas in
this section, a quantitative study of electroplating will be covered, especially for nickel.
According to Faraday's laws of electrolysis [40], the amount of nickel deposited at the cathode
and the amount dissolved at the anode are directly proportional to the product of the current and
time and can be calculated using the following expression:
(Eq. 35)
where

is the amount of nickel deposited at the cathode (which is the substrate surface in our

case) in grams, is the current that flows through the plating tank in Amperes, is the time that
the current flows in hours and

is the current efficiency ratio, and the proportionality constant is

as stated in Faraday‟s law, in which

is the atomic weight of nickel 58.69,

number of electrons in the electrochemical reaction and

is the

is Faraday‟s constant 26.799 ampere-

hours, so the coefficient is 1.095 for the electroplating of nickel.
Now we need to consider the current efficiency ratio in the process. The current
efficiency CE is defined as the number of coulombs required for the reaction,
total number of coulombs passed,

, divided by the

:
(Eq. 36)

In general the anode efficiency for nickel dissolution is almost always 100% under
practical electroplating conditions. For the cathode efficiency, the values may vary from 90% to
97%, varying upon different types of plating solutions. The small percentage of lost current is
normally considered to be consumed in the discharge of hydrogen ions from water. The
discharged hydrogen atoms also explains why there will always be bubbles of hydrogen formed at
the cathode surface. On average, 95.5% is commonly used to estimate the current efficiency of
the cathode when precise values are not essential. It is apparent that the current efficiency of
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anode and cathode are not the same, and since the anode efficiency is kept constant at 100%, the
value of

in (Eq. 35) is therefore 95.5% [41].
The average deposition thickness in m can be written as:
(Eq. 37)

where

is the density of nickel (

occurs. Thus if

is to be expressed in

),

is the effective area over which the deposition

, while current in

, time in minutes, and area A in

cm2, (Eq. 37) can be modified as
(Eq. 38)
Fig. 3.8 summarizes this equation graphically and gives the thickness that can be
obtained for various current densities and times of deposition.

Fig. 3.8 Reference curve of nickel electroplating time versus current density for different
thicknesses.
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3.4.4 Nickel Electroplating Process
The electroplating setup used in this work is shown in Fig. 3.9. The anode consisted of a
0.25

thick 99.5% pure nickel plate from Alfa Aesar. For the electrolyte, several solutions

depending on the specific needs have been suggested such as Watts nickel plating solutions,
nickel sulfamate solutions, all-chloride solutions, etc [42]. In this work, two different nickel
electroplating solutions are used, both of which are commercially available. The first solutions
used is a bright finish producing nickel plating solution, from Alfa Aesar [43]. The solution
contains 4.68% of nickel chloride, 23.4% of nickel sulfate, and proprietary inorganic acid.
However, plating with this solution produced films with poor adhesion to substrate as well as
highly non uniform films. After a few days of storage, the electroplated nickel layer changed to a
brittle state and readily peeled off the substrate.

Fig. 3.9 Picture of the electroplating setup.
Nearly all deposition processes generate some stress in the deposited film, and for
electroplating, the main source of stress comes from the incorporation of impurities such as sulfur
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and hydrogen into the film and electro-crystallization process [44]. It is the primary reason for the
addition nickel sulfate as it is considered to reduce the generated stress. However, the stress in the
nickels films was found to be large and only after the deposition of only a few microns of nickel
on the 1 inch by 1 inch PZT substrate, the substrate was visibly warped. This was observed over
several samples and various deposition conditions.
Furthermore, measurement of the thickness of the electroplated features showed an
excessively large dependence on feature size. For example, the variation in the thickness of plated
nickel was found to be large, up to 5 ~ 6
only 0.5

for smaller features (50

for relatively large features (1

linewidth), and

linewidth). The nickel chloride in the solution is meant

to improve the film uniformity, but clearly the improvement was insufficient for the application
in this work [45].
A second electroplating solution, Techni Nickel S by Technic Inc. was investigated for
electroplating onto patterned PZT substrates. The solution contains 35% Nickel Sulfamate, 1.5%
Nickel Bromide, 1.0% HN-5 wetting agent, 2% Boric acid and 2.5% Nickel Sulfamate stress
reducer [46]. This solution was found to provide better results and films of thickness greater than
20

of nickel could be readily deposited with satisfactory quality.
Prior to electroplating, the photolithographically patterned gold seed layer on the PZT

substrate was electrically connected to the gold film on the glass plate upon which the sample was
mounted using wire bonding technique(See Fig. 3.10 and Fig. 3.11). This allows for the use of
metal mechanical clamps onto the glass slide to provide electrical connection to the PZT substrate
without physically damaging the thin and fragile sample. A final clean on the sample is
performed etching in oxygen plasma at 75 W for 3 minutes. The sample is then carefully
immersed into the electroplating setup and the solution is allowed to settle for some time until all
the foam disappears. A magnetic stirrer bar is used for efficiently removing the hydrogen bubbles
generated on the substrate (cathode) surface during the reaction. This prevents the pitted surface
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morphology of the deposited nickel surface. The stirrer bar speed is set such that one can observe
a small vortex at the center of the liquid surface and the tiny bubbles can gradually be carried
away (for example, depending on the volume of the liquid, for a 500 ml beaker the stirring rate is
~ 200 rpm). Once the plating process is completed, the sample is rinsed with flowing DI-water for
5 minutes to remove any remaining solution. The sample is examined under a microscope to
ensure all the required features are patterned and the thickness of the nickel layer on all the
feature sizes is within the acceptable range.

Fig. 3.10 Wire bonding is used to for electrical conductivity.

Fig. 3.11 Wire bonding under the microscope.
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3.4.5 Optimal Operating Condition and Sample Evaluation
The differences between poor and good quality of nickel is quite obvious when examined
under a high magnification microscope. Poor quality nickel has granule-like protrusions scattered
all over the surface and the film is very brittle and thin while good quality nickel looks uniformly
dense and solid. Fig. 3.12 illustrates the differences between the two kinds of films.
Nickel electroplating can be affected by many factors such as: operating temperature,
feature size variance, solution degradation, stirring, current density, etc. It is recommended that
the electroplating is conducted at 54 °C [46], however in this work no noteworthy differences
between the films plated at 54 °C and room temperature were found. Since feature size variance
seemed to impact plating uniformity quite strongly, in the new mask design extreme variations in
feature sizes were minimized. That leaves current density as the most important parameter to
adjust in the process.

Fig. 3.12 The differences between poor and high quality of nickel electroplating.
According to Faraday‟s law, electrodeposition rate is directly proportional to the current
density. However high current density significantly affects the deposition quality including
surface roughness and internal stress. Generally low current density results in higher quality
deposition, but for a 10

thick nickel layer, this would require several hours of plating and in

several instance the nickel was seen to peel off together with the seed layer. Plating time of up to
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90 minutes was found to have minimal detrimental effect on the seed gold layer – PZT substrate
adhesion. A series of electroplating experiments are run to get the real deposition rate curve, as
illustrated in Fig. 3.13.
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Fig. 3.13 Electroplating rate versus current density for Techni Nickel S.
Although extreme care was taken to prevent the degradation of the electroplating solution
over the period of several days that these experiments were performed, a clear deviation from the
expected (theoretical) rate is observed in the experimental results. It is thought that some
degradation in the electrolyte solution occurs upon plating at higher current densities which in
turn reduces the average current efficiency value to lower than 95.5% as discussed in Section
3.4.3. The optimized electroplating conditions used in this work are summarized in Table 3.2.
The process using these conditions was found to be reproducible and therefore can be used for the
creation of more complex patterns such as the one shown in Fig. 3.14.
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Table 3.2 Optimized electroplating conditions.
Temperature of Electroplating

20 - 25 °C (Room Temperature)

Stirring

Used at 200 rpm using a magnetic stirrer

Electric Current Density

~15 mA/cm2 (Over a 1.96 cm2 area)

Time

80 minutes

Thickness of Nickel

14 m ±0.22 m

Fig. 3.14 Nickel electroplating showcase using Techni Nickel S.

3.5 Inductively Coupled Plasma-Reactive Ion Etching (ICP-RIE) process
Piezoelectric material such as PZT can be patterned using wet etching techniques [47].
The commonly used recipes include 10:1 BOE, 2:1HCl:DI-water, and 50:50:1 DI-water:HCl:HF
[48]. However, two major drawbacks exist with wet etching processes namely; anisotropic
etching in the case of single crystal piezoceramics which makes it difficult to achieve vertical
etch walls and high aspect ratio structures and under-cutting of structures in polycrystalline
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materials [49], which limits the definition of small size features. Additionally, wet etching
chemicals can detrimentally affect the dielectric and piezoelectric properties of the material via
selective leaching of specific elements or preferential attack along grain boundaries etc [50-52].

3.5.1 Reactive Ion Etching (RIE): a Brief Review

Fig. 3.15 Schematic illustration of the Reactive Ion Etching (RIE) mechanism. (1) negative
electrode, (2) accelerated ions, (3) electric field, (4) positive electrode, (5) substrates [53].
The mechanism of RIE is shown in Fig. 3.15. A typical RIE system consists of a
cylindrical vacuum chamber, with a wafer platen (substrate holder) situated in the bottom portion
of the chamber. The wafer platen is electrically isolated from the rest of the chamber, which is
usually grounded. Reactive gases enter through small inlets on the top of the chamber, and exit to
the vacuum pump system typically located at the bottom. The types and amount of gas used vary
depending upon the etch process [53].
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Plasma, considered as the fourth state of matter and one of the significant components of
the matter in the universe, is defined as a collection of charged particles moving freely in random
directions and that is, on average, electrically neutral [54]. In the RIE system, the plasma is
initiated by the application of Radio Frequency (RF) electromagnetic field to the wafer platen.
The field is typically set to a frequency of 13.56 MHz, and the applied RF power is a few hundred
watts. The oscillating electric field ionizes the gas molecules by stripping them of electrons,
hence creates a plasma. Fluorine ions are one of the most commonly used one in RIE system. The
type of gases are selected according to different materials to be etched as shown in Table 3.3 [55].
The ions react chemically with the materials on the surface of the samples, so that etching can be
achieved, and that is the reason why it is named “Reactive Ion Etching”.
Table 3.3 Etch chemistries of different material.
Material to be etched

Etching chemistry

Silicon

HBr/NF3/O2/SF6

Poly Silicon

HBr/Cl2/O2, HBr/O2, BCl3/Cl2, SF6

Al

BCl3/Cl2, SiCl4/Cl2, HBr/Cl2

AlSiCu

BCl3/Cl2/N2

W

SF6, NF3/Cl2

TiW

SF6 only

WSi2, TiSi2, CoSi2

CCl2F2/NF3, CF4/Cl2, Cl2/N2/C2F6

SiO2

CF4/O2, CF4/CHF3/Ar, C2F6, C3F8,C4F8/CO, C5F8, CH2F2

Si3N4

CF4/O2, CHF3/O2, CH2F2, CH2CHF2

Apart from the chemical etching, there is also physical etching in the process. Because of
the large voltage difference, positive ions tend to drift toward the wafer, where they collide with
the samples to be etched, which will knock off the material by transferring some of their kinetic
energy [56]. Due to the mostly vertical delivery of reactive ions, the continuous bombardment can
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produce very anisotropic etch profiles, which contrast with the typically isotropic profiles of wet
chemical etching.
The pure etching rate of chemical reaction and physical ion collision are both very low
but when combined together, they will have a synergistic effect (see Fig. 3.16) which is referred
to as Ion Assisted Gas Surface Chemistry [57]. Usually in most etching recipes, Argon is added to
speed-up the etching process.

Fig. 3.16 Synergistic effects in RIE, adapted from [58]. The materials being etched are a-C:Hfilms.

3.5.2 ICP-RIE of PZT Substrate: Mounting and Recipes
PZT is difficult to etch even in RIE systems. In our project, we choose an Inductively
Coupled Plasma–Reactive Ion Etching (ICP-RIE) system. The significant difference for this type
of etching system lies in its plasma source, in which the energy is supplied by electrical currents
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which are produced by electromagnetic induction, or in other words, by time-varying magnetic
fields.
Fig. 3.17 is a schematic picture of the Alcatel AMS 100 ICP-RIE system used in this
research. When a time-varying electric current is passed through the coil, it creates a time-varying
magnetic field around it, which in turn induces azimuthal currents in the noble gas (Ar in our
case), leading to breakdown and formation of plasma. The plasma density could reach a
staggering order of

, much higher than other RIE systems and the plasma temperature

can range between 6000 K and 10000 K. These properties of the plasma are beneficial and to
some extent required for the etching of hard ceramic material as PZT.

Fig. 3.17 Schematic illustration of the ICP-RIE system (Alcatel AMS 100) used in this work.
Adapted from [33].
The equipment is designed for etching standard 4-inch wafers and therefore any smaller
sized samples to etch need to be mounted on a 4”-wafer such as silicon or glass wafer as shown in
Fig. 3.18. Initially, fomblin oil (a linear perfluoropolyether) was used as the mounting material
due to its low vapor pressure and inertness [59]. However, during the long etching process, the
environment inside the chamber can be very harsh, especially that the temperature of the etching
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surface is estimated to be higher than 130 °C. Furthermore, the thermal conductivity of fomblin
oil is low (8.8±0.42 10-2 W/m-K) resulting in high surface temperature of the etch sample and
burns the device (undesirable chemical reactions with the gases in the chamber resulting in nonvolatile product formation). To overcome these problems, the mounting of the small samples on
the silicon wafer is done using low temperature solders [60, 61]. In our process, an indium-tin
alloy solder has been used as shown in Fig. 3.18. The melting point of the solder is around 135 °C,
and after it becomes liquid like, the alloy is spread with a scalpel blade and the PZT substrate is
gently placed on top of it. If necessary, the substrate can be pressed to reduce any air gap in
between the sample and substrate however this must be done with great caution to prevent any
breaking of the sample or solder spreading on to the front surface..

Fig. 3.18 PZT substrate mounted on silicon wafer with In/Sn alloy.
The maximum etch rate of PZT that is possible in the Alcatel AMS 100 system used in
this work was 19

– achieved using 2000 W of ICP power, 475 W of substrate power, 5

sccm of sulphur-hexaflouride (SF6), and 50 sccm of argon (Ar) [62]. In the current work, similar
recipe is used only that the substrate power is set to be at 400 W to prevent excessive damage to
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the substrate holder and clamping kit within the equipment. The sample is taken out for
examination of the surface every hour for damage inspection and ensuring that the sample etching
is proceeding as desired. The average etch rate is approximately 13

. It is believed that

the etch rate could be somewhat faster if the sample was etched in one continuous etch process
without interruption for examination. For testing purposes, T-beams produced using this process
are released using a precision dicing saw. From Fig. 3.19 (c), it is clear that the profile by ICPRIE (sidewall of the web) is much smoother than the mechanical cut (sidewall of flange).

Fig. 3.19 (a) PZT substrate after ICP-RIE, (b) Released micro T-beam, (c) SEM image of a micro
T-beam.

3.6 Spray Coating and Electron-beam Evaporation of Flange Electrode
In order to pattern the micromachined T-beams with flange electrodes for in-plane
motion, a second photolithography step is needed. However, the extremely high topographical
features on the surface of the sample make it unsuitable for the spin coating process. Often the
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sidewalls of the web are found to be covered by the metal layer – electrically shorting the web
and flange electrodes and the definition of the flange electrode after such a lithography process is
poor.
To tackle this issue, a spray coating technique is adopted. A very dilute Shipley 1805
photoresist is sealed inside a spray gun for painting and pressurized nitrogen gas is used to create
a fine mist spray. Since the procedure is not automated, it requires considerable experience to
coat continuous and uniform films over the surface of the sample with repeatable exposure
performance. The exposure time is chosen to be 12 seconds and the substrate is fully developed
for 1 minute with Microposit® 351 developer. No hard baking is needed as a lift-off process
follows.

Fig. 3.20 (a) Ideal profile, (b) Actual profile after second photolithography.
100

of Cr and 200

of Au is deposited using e-beam evaporation over the entire

sample surface. The substrate is thereafter immersed in Remover PG® at 50 °C for 2 hours to
finish the lift-off process. The sample is occasionally agitated ultrasonically. After all the
photoresist has been removed, the sample is taken out and thoroughly cleaned and nitrogen blow
dried.
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3.7 Individual Device Releasing and Packaging
For the final stage of releasing and packaging, the PZT substrate is mounted on a glass
using the SU-8 mounting process described earlier. Using an diamond-epoxy blade with a kerf
width of 100

and rotating at 30000 rpm high precision cut is be achieved.

To package the T-beam, it is placed on an alumina test electronic package with H20E
EPO-TEK® silver conductive epoxy mixture and cured at 90 °C in the oven for 2 hours. The
amount of epoxy dispensed needs to be very carefully controlled since excessive amounts can
cause it to creep over the 35

vertical sidewalls and result in an electrical short between the

flange and bottom electrode. The finished package is shown in Fig. 3.21.

Fig. 3.21 Fully packaged micro T-beam.
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Fig. 3.22 T-beam packaging for blocking force measurement.
The T-beam device is wire-bonded using a K&S Model 4524 gold wire-bonder manually.
However, wire bonding on the flange electrode, is quite challenging since the diameter of the
“ball” ~40

is barely half the lateral dimension of the flange. Additionally, the less than 40

thick flange regions are very fragile and easy to break. An alternative packaging configuration
was adopted for blocking force measurements and is shown in Fig. 3.22. Since the T-beam
extends out of the package to allow for contact with the force transducer, this packaging style is
very fragile and care in handling and storage of the sample needs to be exercised.

Chapter 4

Measurement and Characterization of Micro T-beams

4.1 Overview of Device Measurement and Experiment Setup
To ensure a uniform poling state of all the fabricated devices after fabrication process, a
re-poling procedure is adopted in the sample is placed at 80 °C, and an electric field of
approximately 1.2

is applied across the web and bottom electrodes for at least 5 hours.

First the devices are tested in a near static mode. Triangular waveform at 1 Hz frequency
is amplified by a model 609E6 Trek amplifier and applied to the web and flange electrodes to
generate in-plane/out-of-plane displacement. Model OFV5000 Polytec laser vibrometer controller
with OFV534 sensor head is used to measure the in-plane and out-of-plane tip displacements of
the T-beam actuator. The laser measurement spot size is around 20

and a 3-axis Newport

linear stage with micrometer screws is used to accurately control the position of the T-beam so
that the laser is precisely focused at the desired location. The resolution can reach 2

which

will be enough for our application.
The near static blocking force is measured using an Aurora 402A force transducer which
consists of a 1

diameter glass tube sensing tip. The force transducer is mounted on 2-axis

Aurora linear stages to allow accurate positioning of the sensor tip at the desired location on the
T-beam. This model of force transducer is not optimally matched for the blocking force
measurement of micromachined T-beam actuators as it is designed for 500
output blocking force of the current devices is less than 5
force transducer is 0.01

and is therefore used in this work.

range while the

. However, the resolution of the
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Force
Transducer
Fig. 4.1 Schematic of experiment setup.
The micromachined T-beam device was also studied for it dynamic characteristics. In
these measurements the T-beam was configured as an accelerometer which also goes to
demonstrate the multifunctional capabilities of the fabricated devices whereby it can be readily
switched between an actuator or a sensor. For these measurements, the package is rigidly attached
to a shaker table and the T-beam is shaken together with a calibrated reference accelerometer. A
charge amplifier is used to convert the T-beam charge signal into a voltage output. The
acceleration is also measured optically using the laser vibrometer. Fig. 4.1 schematically
illustrates the experiment setup.

4.2 Near Static Out-of-plane Displacement Measurement and Model Comparison
Applying a positive field in the direction of poling from the web electrode to the bottom
electrode produces out-of-plane displacement. More than 20 devices are tested and Table 4.1 of
the dimensions of the typical T-beams tested. Based on the T-beam model developed in the
earlier work, optimal flange thickness value is used in the fabricated T-beams while the webwidth, total width and the length of the beams are varied. The voltage applied ranges from 10 V
to 240 V, corresponding to an electric field in the range of 0.1 – 2.4

The actuation field at
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the higher voltage is higher than the poling voltage. The choice of the triangular wave signal
makes it easier to observe the linearity in the actuation characteristics of the devices.
Table 4.1 Dimensions of the devices for out-of-plane displacement measurement.

Device

Length L
(
)

Web width
b( )

Total width
s( )

Flange
thickness t
( )

Height h
( )

1

7.7

61

139

39

100

2

3.8

52

208

36

100

3

10.4

49

149

35

100

4

5.8

62

144

42

100
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Fig. 4.2 Near static (1 Hz) out-of-plane displacement of Device 2 at different electric fields: 0.6
V/m (red), 1 V/m (blue), 1.6 V/m (black), 2 V/m (cyan).
Fig. 4.2 shows the tip displacement of Device 2 as a function of the applied electric field.
As can be seen in the graph, for all the applied fields a linear response is obtained. Slight non-
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linearity and hysteresis effects arising from the piezoelectric material is also observed but these
effects are minimal and the overall characteristics are predominantly linear as per expectation.

Out-of-plane displacement m

150

100

50

0

0.5

1
1.5
Applied filed V/m

2

Fig. 4.3 Experimental data and theoretical prediction of near static (1Hz) out-of-plane
displacement (μm) versus electric field (V/μm): Device 1: predicted (solid), measured (star);
Device 2: predicted (dash-dot), measured (diamond); Device 3: predicted (dashed), measured (x);
Device 4: predicted (dotted), measured (square).
Based on the T-beam mathematical model, the comparison of the out-of-plane
experimental data and theoretical data is presented in Fig. 4.3. Different devices yield different
slopes of displacement versus field; however, in all cases the out-of-plane results show a
remarkably good agreement with the theoretically expected behavior of T-beam actuators. Device
3 produces the largest response while Device 2 produces the smallest. These two devices also
have the longest and shortest beam length respectively, and since the cross sections of the
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micromachined T-beams are already optimized for maximum displacement, the relation between
displacement versus the square of the actuator length is thus plotted in Fig. 4.5.
In Fig. 4.3, the scattered data points are peak-to-peak values taken and averaged from the
out-of-plane measurement results (batches of plots similar to Fig. 4.2). To better illustrate the
property of the material as well as the behavior of the devices, the out-of-plane displacement is
plotted against the applied electric field as depicted in Fig. 4.4. Device 2 is chosen again as an
example and the curves in Fig. 4.4 shows clearly the hysteresis behavior of the device which is
not considered in the theoretical model. This might also be one of the reasons for the nonlinear
behavior of the device at higher actuating electric fields.

25
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20
15
10
5
0
0

0.5

1
1.5
Applied field V/m

2

Fig. 4.4 Hysteresis effect of Device 2. Applied fields are 0.2 V/μm (red), 0.6 V/μm (green), 1.0
V/μm (blue), 1.2 V/μm (yellow), 1.6 V/μm (magenta) and 2.0 V/μm (cyan). Black solid line is the
theoretical prediction of the model
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Fig. 4.5 Near static (1Hz) out-of-plane displacement versus the square of full length
under electric field of 2 V/m.
The result in Fig. 4.5 demonstrates that the displacement is linearly proportional to the
length squared of the micromachined T-beam and closely follows the trend of the analytical
prediction. The model tends to slightly underestimate the magnitude of the displacement and is
within the range of experimental errors involved in the various measurements. Overall, the
experiment and theory match quite well, indicating that the fabrication process is of high quality
and that the analytical model explaining the T-beam out-of-plane bending is based on a sound
physical understanding of the underlying electro mechanics.
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4.3 Near Static In-plane Displacement Measurement and Model Comparison

Fig. 4.6 In-plane displacement measurement set-up.
The device is also designed to have in-plane motion function by actuating one of the two
flange electrodes. However these measurements turn out to be more difficult as compared to the
out-of-plane bending measurements mainly due to the limitations arising from the ability to wire
bond the flange electrodes. Both the narrow lateral dimensions of the flange electrodes (60
as well as the small thickness ~35 – 40

)

renders these features very fragile for wire bonding

operations. The photograph of the experiment set-up for the measurement of in-plane deflection is
shown in Fig. 4.6. Due to the risk of electric breakdown, the maximum flange actuation voltage is
limited to ~40 V, which for the 40
approximately 1

thick flange region corresponds to an electric field of

.

Once again a triangle wave signal is used for the in-plane actuation. As is seen in Fig. 4.7,
the device shows a linear dependence on the electric field however the device also shows a
significant drift (denoted by the solid line in black). One possible explanation for the drift can be
due to the continuously evolving poling state of the PZT in the fringe field regions which is likely
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to occur much more evidently in the high field actuation. This is also corroborated by the
experimental evidence in Fig. 4.7. Another possibility is drift in the Laser Vibrometer due to the
low measurement amplitudes.
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Fig. 4.7 Near static (1 Hz) in-plane displacement of Device 1 at different electric fields and
actuating conditions: 0.29 V/m (red), 0.57 V/m (blue), 0.85 V/m (black), 1.14 V/m (cyan);
right flange actuating (solid), left flange actuating (dash-dot).

Table 4.2 Dimensions of the devices for in-plane displacement measurement.

Device

Length L
(
)

Web width
b( )

Total width
s( )

Flange
thickness t
( )

Height h
( )

1

7.8

195

601

35

100

2

11.7

203

599

36

100
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Fig. 4.8 Experimental data and theoretical prediction of near static (1Hz) in-plane displacement
(m) versus electric field (V/m): Device 1: predicted (solid), measured left (diamond), measured
right (star); Device 2: predicted (dash-dot), measured left (diamond), measured right (x).
The in-plane actuation results for the two devices listed in Table 4.2 is shown in Fig. 4.8.
Ideally, the right-flange and left-flange actuation should be identical except for the sign which is
expected to be opposite. For Device 2 a slight asymmetry between the left and right flanges are
observed which may be due to lithographic errors in the placement of the flange electrodes which
is quite difficult to achieve at better than 10

accuracy due to the large (~60

) distance

between the mask and the flange surface. Furthermore, since the T-beams are release-cut using a
dicing saw, the precision of the exact dimensions of the flange are not guaranteed. Similar to the
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out-of-plane result, the model underestimates the displacement especially at higher electric fields.
Generally speaking, however, the experimental results match well with the model prediction.

4.4 Near Static Blocking Force Measurement and Model Comparison

Fig. 4.9 Experimental setup for T-beam out-of-plane blocking force measurements.
Blocking force can be defined as the force needed to block the motion of the cantilever
beam when it is actuated. In general, the displacement is inversely proportional to the blocking
force, therefore a balance between displacement (in-plane/out-of-plane) and blocking force
should be maintained for effective actuation applications.
Aurora 402A force transducer with a resolution 0.01

is used in this work. Devices

packaged for displacement measurement could be used for this measurement as well, except that
in this measurement, either the package or the force transducer has to be placed up-side-down.
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This is not a desirable configuration as it is potentially dangerous for both the actuator and the
force transducer used in this work. To address this issue, new devices are packaged such that the
T-beams extend out of the package as shown in Fig. 3.22. The experiment setup for blocking
force measurement is shown in Fig. 4.9.
Table 4.3 Dimensions of the devices for blocking force measurement.

Device

Length L
(
)

Web width
b( )

Total width
s( )

Flange
thickness t
( )

Height h
( )

1

1.1

58

188

34

100

2

3.6

53

143

35

100

3

4.4

49
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100

4

5.8
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Fig. 4.10 Near static (1 Hz) out-of-plane blocking force of Device 1 at different electric fields: 0.3
V/m (red), 0.8 V/m (blue), 1.5 V/m (black), 1.8 V/m (cyan).
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The dimensions of the devices test for blocking force measurement are listed in Table 4.3.
All devices are web actuated. A positive field in the direction of poling from the web electrode to
the bottom electrode is applied and the glass tube of the force transducer is positioned just to be in
contact with the end (tip) of the beam (refer to inset in Fig. 4.9). The performance of Device 1
under varying electric fields is shown in Fig. 4.10.
Although the resolution of the force transducer is very high (10
produce under 2

of force out of a full scale of 500

), the devices only

which raises some concerns regarding

the accuracy of the measurements. The performance of all the tested devices is shown in Fig. 4.11.

Fig. 4.11 Experimental data and theoretical prediction of blocking force (mN) versus
electric field (V/μm): Device 1 (inset): predicted (solid), measured (pentagon), Device 2:
predicted (dash-dot), measured (circle); Device 3: predicted (solid), measured(diamond); Device
4: predicted (dotted), measured (x).
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Once again it is evident from Fig. 4.11, that the experimentally measured blocking force
is greater than predicted by the model. Additionally, at high fields > 1.8

, the measured

blocking force shows a saturation behavior. Similar behavior was also observed in macro scale Tbeam blocking force measurements. In general the explanation for the observed over performance
and the saturation behavior of the devices lie in the specific values of piezoelectric coefficients
for the PZT material used in the calculation. It is well known that piezoelectric effect is linear
only for small electric fields, and clearly shows a saturation behavior at high electric field which
explains most of observed results. At small electric fields the agreement between the theoretical
model and the experimental results is quite close and validates the model.

4.5 Frequency Response
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Fig. 4.12 Resonant frequency of micro T-beam.
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In addition to the static measurements, the micromachined T-beam is also tested
dynamically. What is of most interest is the resonance frequency of the device. There are several
ways of experimentally measuring the resonance frequency which include optical methods based
on the measurement of the deflection amplitude as a function of frequency, use of an impedance
analyzer to measure the resonance frequency, and use of a shaker table to induce the mechanical
vibrations in the cantilevered T-beam. In this work, impedance method was used to determine the
resonance frequency of the device.
Fig. 4.12 shows the performance of one of the devices. The device has web width of 58
, total width of 176
4.8

, total height of 100

, flange thickness of 34

and total length of

. The resonant frequency of the device is around 2.4 kHz.
The behavior of the cantilever beam at resonance can be approximated using the well

known Butterworth van Dyke model [63]. In this model, the T-beam cantilever at resonance is
represented by the equivalent lumped electrical circuit parameters and in the configuration shown
in Fig. 4.13.

Fig. 4.13 Butterworth van Dyke equivalent model of the cantilever resonator.
In this circuit RM, CM and LM in series represents the motional arm of the resonator and C0
is the parasitic capacitance. From the resonance curve, the motional and parasitic equivalent
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circuit parameters are obtained. The parameter extraction function on the Agilent 4294A can be
used for this purpose. The quality factor Q which determines the loss in the system can be
computed using the following expression:

Q

 Lm

(Eq. 39)

Rm

where  is the angular resonance frequency. The resonance frequency f0 can be theoretically
computed using the formula

f0 

3.52
2 L2

EI
A

(Eq. 40)

where f 0 is in Hz, the moment of inertia I = Ibe + Ipe and the area A= Ab + Ap. The expressions
for Ibe, Ipe, Ab and Ap are listed in the Table 4.4 below.
Table 4.4 Coefficients for the frequency f0.
Region

Area

Moment of Inertia

Flange

Ab=(s-b)t

1
I be  t t 2  3e 2  3et s  b 
3

Web
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I pe



bh 3
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 bh  t  e 
12
2


2

1 t 2 s  t 2 b  2tbh  bh 2
2
ts  tb  bh

Plug in the dimensions of the device into (Eq. 40), the theoretical resonance frequency is
calculated to be 2.19 kHz which is close to the experimental result.
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4.6 T-beam Accelerometer Study

Fig. 4.14 Schematic of experimental setup of T-beam accelerometer measurement.
(Courtesy to Kiron Mateti.)
The T-beams fabricated in this work can also function as sensing devices (e.g. as singleaxis or dual-axis accelerometers) with or without a proof mass attached at the free end of the
cantilevered beam. To validate this idea, the device is rigidly mounted onto a Wilcoxon Research
Model F3 electromagnetic shaker system powered by a AE Techron LVC5050 linear amplifier.
The laser vibrometer measures the velocity data from the rigid base which is differentiated to
obtain input acceleration. A charge amplifier with 10× gain amplifies the T-beam signal. The
experiment setup is schematically shown in Fig. 4.14. The output power of the shaker is limited
hence it is operated at its near-resonant frequency of 1.3 kHz so that an acceleration from 1 to 4g
(g = 9.81 m/s2) can be easily achieved (at other frequencies, the acceleration is around 0.7g). The
sensitivity and linearity of the T-beam as an accelerometer is demonstrated in Fig. 4.15.
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Fig. 4.15 T-beam output voltage (solid circle, left axis) and sensitivity (dashed square, right axis)
versus acceleration at 1.3 kHz.
The output voltage amplitude scales linearly with applied acceleration and the sensitivity
is constant over the range of accelerations tested. Since the T-beam structure is not particularly
optimized for acceleration measurements, these results show the initial unoptimized performance
of the transducer structure as an accelerometer.

Chapter 5

Conclusions and Future Work

5.1 Conclusions
In this thesis, micromachined T-beam transducers have been successfully fabricated from
monolithic PZT substrates. Optimal geometry design considerations, for the cross-sectional web
and flange width and thickness of the micromachined T-beam, for achieving maximum deflection
and blocking force are determined from the analytical model developed in a previous work. A
suitable fabrication process is proposed and successfully implemented. Nickel is used as the hard
mask material for direct bulk micromachining of piezoelectric PZT material and the T shape is
formed after 5 hours of reactive ion etching. The micromachined beams are released using a
precision dicing saw. The T-beam structures are tested for static in-plane/out-of-plane
displacement, blocking force, and for their dynamic frequency response characteristics.
The methods developed in this research provide a way for realizing more than the Tbeam structure. With the process recipes outlined in this work and proper masks, many kinds of
3D step-profile structures, such as spiral and serpentine structures, veins of the bug wing and so
on, can be realized in monolithic piezoelectric substrates and may prove invaluable for future
innovations in the designs of microsensors and microactuators.
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5.2 Future Work
Building on the successes of this work, several improvements and innovations in the
various aspects of fabrication, microsensors and microactuator designs are now possible. These
are briefly discussed here.

5.2.1 Fabrication

Fig. 5.1 Updated fabrication process for release etching.
First and foremost, higher etch rates for hard piezoelectric materials are desirable. While
the etch rates of ~0.3

achieved in this work represent a high rate, for bulk

micromachining of 100

thick substrates, the process is not fast enough for eventual
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commercialization of such devices. It will be desirable if other gas compositions and plasma
reactor systems are explored to shorten the etching time and to develop models that predict the
maximum possible etch rates that can be achieved.
In the current recipe, the release of the individual T-beams was performed via dicing
operation. This step needs to be eventually accomplished via micromachining techniques. Fig. 5.1
proposes an improved fabrication process that can achieve this goal. This proposed process
utilizes aluminum as a sacrificial layer so that by removing the Al, the indium solder used for
mounting in the RIE process can be cleanly removed making it possible to micromachine the
substrates via double side processing. Note titanium is used as a diffusion barrier between Al
from Au layers – which would otherwise form a solid solution. Finally the process can be readily
extended to other piezoelectric materials such as PMN-PT with higher electromechanical
coupling and conversion coefficients.

5.2.2 Characterization
Further improvements in the characterization of the T-beam actuators can be considered.
The use a lower full-scale range transducer to better suit the output of the micromachined
transducer will give more accurate results. In this work preliminary results on the dynamic
behavior of the transducer are presented. These can be further improved through more accurate
measurements using the shaker table with better charge amplifier circuits and test automation.
Finally, the accelerometer design based on the T-beam structure has not been optimized for
acceleration sensing application, and improved designs leading to more efficient in-plane and outof-plane coupling of accelerations through the use of proof mass and stiffness engineering in the
two orthogonal axis will likely result in dramatic improvements and remain to be explored.
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