Development of Thin-Film Based Microdevices and Process

Enhancement for Making the Same

Qing Guo

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2012

Reading Committee:
I-Yeu (Steve) Shen, Chair
Guozhong Cao, Co-Chair

Qiuming Yu

Program Authorized to Offer Degree:

Mechanical Engineering



©Copyright 2012
Qing Guo



DEDICATION

This Ph.D. dissertation is dedicated to my beloved grandparents, respective parents, and
my entire families, who have been my constant source of inspiration. They have given me the
drive, discipline, and strength to tackle any challenging task with enthusiasm, confidence, and
determination. Without their deep love, knowledge, patience, and devotion, my academic
achievements would not have been made possible!



ACKNOWLEDGEMENTS

| wish to express sincere appreciation to my home department, Mechanical Engineering, for
their long-term support, and especially to my two academic advisors, Professor Shen and

Professor Cao, for their knowledge, patience, guidance, and inspiration.

| also would like to thank my thesis committee members, Professor Karl F. Bohringer,
Professor Jiangyu Li, Professor Qiuming Yu, Professor Robert B. Darling (GSR), and Professor

Anant M. P. Anantram (GSR), for their generous help and valuable instructions.

A special acknowledgement should be given to the Department of Physics. Without their

three-year continuous TA financial assistantship, | would not be able to keep my graduate study.

Meanwhile, | want to thank all my lab mates. They are Tsung-Liang (Anthony) Wu, Cheng-
Chun (Ryan) Lee, Chia-Che (Joseph) Wu, Chuan Luo, Hsien-Lin (Stacey) Huang, and Bobby
Manson. With the absence of their endless support, my project would not even be able to move

forward.

A very special thank is given to my wife, Shin-Chih Hu, and my dog, Hsiao-Hsuan Hu, for

their encouragement, understanding, and devotion.

At last, | want to express deep appreciation to all my true friends, who unselfishly share

their life experience and happiness with me.



University of Washington

Abstract

Development of Thin-Film Based Microdevices and Process

Enhancement for Making the Same

Qing Guo

Co-Chairs of the Supervisory Committee:

Professor I-Yeu (Steve) Shen
Department of Mechanical Engineering

Professor Guozhong Cao
Department of Material Science and Engineering

Microdevices driven by Lead Zirconate Titanate (PbZr,Ti;.,Os; or PZT) have received wide
attention recently, because they could potentially outperform other MEMS devices in terms of
bandwidth, energy density, and actuation strength. PZT integrated microdevice is undoubtedly
promising, but its development and fabrication still remains challenging. To cope with such
challenges and develop a well functional microdevice with adoption of thin-film PZT in sub-
millimeter range requires thorough understand on its properties and fundamental behaviors

both in theoretical and practical way.

First of all, | developed and improved the microfabrication procedure of PZT thin film
microsensor and microactuator. Such procedure includes modified sol-gel preparation, stable
fabrication of bottom electrode with proper micro surface texture, microdevice wire bonding
and packaging. Meanwhile, during the study | characterized the patterns of thin-film PZT defects.

Through parametric study, the degree of bottom electrode porosity is revealed to be the most



critical parameter surpassing others strongly affects the deposited thin-film PZT quality. A
second parametric study is simultaneously carried out to ensure the fabrication repeatability of
low porous bottom electrode. These contributions not only greatly improve the yield of
thereafter lab-fabricated thin-film PZT but also provide an effective way for quick prediction of

ongoing PZT fabrication yield based on the judgment of one parameter.

Fabrication of satisfied thin-film PZT could be difficult, however, measuring material
piezoelectric properties of just-prepared PZT could be even challenging. Although there are
many currently available solutions, they are either complicated or expensive. Most important,
they are not applicable for thin-film PZT application. | developed an easy, low cost, but effective
method to deal with the thin film piezoelectric coefficient ds; through a mini impact hammer
approach. Such method is proved to be suitable for both bulk and thin-film PZT. More practically,

it can be adopted as a fast way for lab-prepared PZT quality evaluation.

PZT deposition requires a Pt/Ti bi-layer bottom electrode to be annealed retaining
condensed structure. The heat treatment will inevitably pull electrode to be porous. It is well
known that electrode with pores can greatly affect thin-film PZT material properties. For such
reason, | designed and fabricated a special nonporous bottom electrode which inherits the
porous electrode surface micro texture but with pores sealed. Although due to the limited
experimental results no strong evidence shows new electrode surpasses traditional one in all
ways, it contains large effective electrode area by covering the pores earns it better chance to

outperform porous electrode.

Keywords: Thin-Film PZT, Bottom Electrode, Porosity, Piezoelectric Coefficient
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Chapter 1
GENERAL INTRODUCTION

1.1 Background

It has been half century, since microdevice or in more specific way Micro-Electro-
Mechanical System (MEMS), as a brand new concept, was brought out in front of the sight of
human being. In 1959, when Richard Feynman, a well-known physicist, first pointed out the idea,
"There's Plenty of Room at the Bottom" regarding to build devices on the micron scale, nobody

believed this will come to reality so fast.

Different from molecular nanotechnology or molecular electronics, MEMS is a microdevice
that integrates mechanical elements, sensors, actuators, and electronics on a common silicon
substrate. Typically, MEMS is made up of components between 1 to 100 um and its device
generally bares a dimension in size from 20 micron to millimeters. For decades, MEMS have
gradually proven to be a key enabling technology of developments in areas such as
transportation, telecommunications and health care, but the range of MEMS applications cover

almost all fields.

The reason that MEMS becomes a strong industry need is all due to its significant
advantages. First, MEMS uses IC technology to integrate multiple and more complex functions
on a single miniaturized chip to form a monolithic system, which not only improves the ability of
internal communication between mechanical and electrical elements, but also minimizes the
size of device with no loss of functionality. Second, MEMS can be manufactured through IC
batch fabrication, which tremendously reduces the cost and time. Third, microcomponents
integrated inside the MEMS make possible the system faster, more reliable and precise, more
portable, and less power consumption. Forth, MEMS device can be treated as module, which is
easily employed, maintained, and replaced. Fifth, special designed MEMS may create a unique

platform to help exploiting the new physics domains.

To make MEMS become practical, one must be fabricated using modified semiconductor

device fabrication technologies normally used for making electronics. These include molding and



evaporation, wet (KOH, TMAH) and dry (RIE and DRIE) etching, photolithography, wire bonding,

and other technologies capable of manufacturing small devices.

Thanks to the fast growth of fabrication technologies from semiconductor industry and
strong market demands of multidisciplinary applications, today, MEMS becomes one of the
most excited engineering projects and received intensive research. Most new cars, for example,
use tiny accelerometers to detect crashes and initiate airbag inflation [1,2] and MEMS
gyroscopes to detect yaw [3]. Companies such as Hewlett-Packard use MEMS to build printer
heads for inkjet printers [4]. Cornell University created the world's smallest guitar, a 10-micron-
long instrument sculpted of silicon with six strings, each 50 nanometers in diameter [5]. Texas
Instruments invented digital micromirror device (DMD) [6,7], a chip integrated in several
hundred thousand microscopic mirrors on its surface, for HDTVs and video projectors [8].
Microlaser, a believed versatile optical instrument, was carried out by Sandia National
Laboratories for remote sensing (LIDAR, Light Detection And Ranging) [9,10] and molecular
spectroscopy [11]. Medical industries recently also bring MEMS devices to medical diagnostic,
monitoring tools and analytical equipment. For example, blood microanalyzer [12-14], NanoChip
workstation [15-17], implantable insulin pump [18-21], lab-on-a-chip [22-24] are all novel

application to successfully interact with individual tissue, cells, or even DNA segments.

Based on the type of use, MEMS can be classified into microsensors, microactuators, and
microstructures. To be functional, most of them are designed to work associated with different
style of transducers to convert one type of energy to the other. For most microsensors and
microactuators, the conversion between mechanical load and electric charge is commonly

adopted. This draws a wide interest on researching piezoelectric materials.

1.2 Advantages of PZT

Currently, the most common piezoelectric materials exploited in MEMS applications are
Polyvinylidene Fluoride (PVDF), quartz (SiO,), Zinc Oxide (ZnO), and Lead Zirconate Titanate
(PbZr,Ti;xO3 or PZT). However, their individual advantages and disadvantages create materials

application diversities.

PVDF is one type of ferroelectric polymers that becomes more and more popular in medical

applications due to its biocompatibility. It can be synthesized from VDF monomer via a free



radical or controlled radical polymerization process. The film formation of PVDF is flexible and
can simple adopt conventional processes such as melt casting, solution casting, and spin-coating.
Processed PVDF thin films are typically in the non-piezoelectric alpha phase and must be
stretched or annealed to turn piezoelectric beta phase. Although PVDF will obtain
piezoelectricity when poled in a large electric field, its low piezoelectric coefficient (approximate

10 pC/N) and small energy density make it hard to be applied in microactuator.

When first discovered by Pierre Curie quartz receives advanced studies not only because of
its physical and chemical stability but also for its high-quality-factor (Q) and small temperature
coefficient of resonant frequency (TCF). These properties are ideal for oscillators and resonators.

However, narrow bandwidth of quartz prevents it become useful microsensor.

Zn0, as another type of biocompatible, degradable, and nontoxic material, is found to have
potential piezoelectric properties. Recently, it has also been reported to successfully grow ZnO
in shape of nanowires, nanorodes, and nanobelts through chemical vapor deposition (CVD) for
flexible self-powered nanogenerator [25-27]. Although ZnO can be easily fabricated on any
substrate material (crystalline or amorphous, hard or soft) [28], its low dielectric constant [29]
inevitably leads to a microactuator with small actuation strength. Moreover, the fabrication cost

of such ZnO film still remains challenge.

Unlike its opponents, PZT has many unique properties enabling it potentially outperform
other competitors. As a piezoelectric material, PZT receives wide attention all due to its large
bandwidth [30-32], high energy density [33], sensitivity, and actuation strength. As a result, PZT
based microactuators enable various killing practices, such as micropump and microejector
[34,35], atomic force microscopy (AFM) [36], head positioning system of optical and hard disk
drive [37,38], and active control system [39]. Moreover, PZT embedded microsensors is adopted
for many innovative applications, such as minute hearing aids [40,41], miniaturized diagnostic
tools [42,43], energy converter and harvester [44-46], active and passive damage detection [47],

and random access memory [48-50].

1.3 Challenges

PZT integrated microdevice is promising, but its development remains challenging. One of

the top issues could be thin-film PZT defects.



Currently, the available techniques for fabricating thin-film PZT can be summarized as
pulsed laser ablation [51], rf sputtering [52], chemical vapor deposition (CVD) [53], metal-
organic decomposition (MOD) [54], screen printing, and sol-gel method, etc. Among these
techniques, sol-gel method has been elected to be the most popular one simple because it
requires relatively low process temperature [55], can precisely control chemical composition
[56], and achieves large area deposition at very low cost. However, our experiment confirms
that the use of sol-gel technique on lab basis attempting for a good thin-film PZT quality can
always be problematic. In the past few years we continuously suffer from low thin film yield
(defect free area is less than 40%) even the process strictly follows the developed classic recipe.
There are many reasons causing film defects. Under series process heat treatment, residual
stresses, either compressive or tensile stresses, are unavoidably induced in thin-film PZT all due
to the PZT crystal structural volume change and its thermal expansion mismatches with bottom
electrode. It is reported by some other researchers that compressive residual stress may initiate
film delaminate or peel off from the substrate, while tensile residual stress is the reason
introducing film surface cracks [57,58]. In addition, after sol-gel spin-coating PZT solvent
evaporation accompanied with gel film shrinkage will tend to create bumps and holes/voids on
PZT surface. Although repeated experimental results suggest that some fabrication factors are
potentially responsible for the thin-film PZT defects, no systematic work has been seriously

carried out to characterize these related factors as well as their individual impact on film quality.

Second challenge is the measurement of thin-film PZT material properties. Restricted by
the varying process condition, lab-prepared PZT thin films through different fabrication batches
often behave various performances. Such performance is known to be dominated by multiple
material properties, for instance, elastic Young's modulus E (mechanical properties), film
capacitance C and leakage current density J (electrical properties), PZT remnant polarization P,
and coercive field E. (ferroelectric properties), and piezoelectric coefficient ds; (piezoelectric
properties). In the past, due to the lack of accurate thin-film property measuring technique, PZT
obtained from different batches are ideally considered to be the same. Some of their properties
such as elastic modulus and piezoelectric coefficients are either determined based on a priori
knowledge or courteously borrowed from existing literatures. Since these values are not direct
measurements on our PZT thin films, their adoptions in finite element analysis (FEA) model

barely help matching the simulation prediction with experimental results. For the case of thin-



film PZT equipped microactuator, displacement simulation of its diaphragm center point
consistently has one order of magnitude difference to the real deflection. Previous researcher in
the group tried to uncover the key factor that causes the major difference by carefully
examining the device cross section geometry, which varies from top electrode size to diaphragm
thickness and cavity silicon residue as well. This approach is eventually proved to only provide
minor improvement even an optimized geometry setup is achieved. Many evidence pointed out
that calibration of thin-film PZT material properties could be the last chance providing the
solution. Unfortunately, no thorough work has been done so far to properly address the

problem.

The third challenge is the improvement of Pt/Ti bi-layer bottom electrode. To cope with the
requirement of thin-film PZT fabrication, just-evaporated bottom electrode needs to be
annealed under very high temperature to obtain condensed layer. However, such heat
treatment process will inevitably pull the electrode to be porous. Moreover, repeated
experiment shows that the degree of annealed bottom electrode porosity is very hard to control
and usually adopts various patterns. The patterns could be roughly concluded as nonporosity,
low porosity, medium porosity, and high porosity or island. Through long term tracing on
electrode pattern, we discovered that the thin-film PZT grown on top of the bottom electrode
has inverse surface quality trend to the degree of electrode porosity. As annealed bottom
electrode becomes less porous, above sintered PZT thin film likely to receive less defects. When
such porosity drops below approximately 20%, PZT has a great chance to become a defect free
and smooth layer. However, when spin-coated and sintered on a completely nonporous bottom
electrode, those PZT thin film defects suddenly appear and film crack, delamination, or even
peels off happens. The observation indicates that proper amount of electrode pores are very
necessary. Electrode pores with surface micro texture may function as anchors enabling PZT thin
film firmly latch on to it and fight against heat induced residual stress. However, electrode pores
can literally influence thin-film PZT behavior by changing its mechanical, electrical, ferroelectric,
and piezoelectric properties [59-62]. A reasonable interpretation on the mechanism behind this
could be the existence of Ti bonding material fast diffusion through electrode pores into the PZT
grain boundary [63-65]. To deal with the problem, a development of special nonporous Pt/Ti
bottom electrode is highly desired, on which the surface micro texture is inherited from porous

electrode while those pores can be properly covered and sealed.



1.4 Research Objective

The study begins with a thorough understand on thin-film based microdevice fabrication

process. Based on such knowledge, the research objective can be projected as follow.

First, modifications of sol-gel PZT preparation. Sol-gel PZT preparation is one of the key
processes in chemical solution deposition (CSD) technique. It is reported that the chemistry of
the sol-gel solution and the structure of the gel film have strong influence over the properties of
the final PZT thin films [66,67]. Although it is suggested that such properties can be modified by
proper reagents adding sequence and solution aging [68,69], its heat involved dehydration
process for added reagents can physically remove required acidic solvent. Meanwhile, extensive
aging may chemically form partial gelation. Both actions are subjected to an increase of sol-gel
viscosity and precipitates. Although dehydration time and aging period are preset to be 5
minutes and 3 days respectively, they are quite empirical and very sensitive to unforeseeing
situations such as ambient temperature change and variable operation skills from different
operators. The modifications are focused on sol-gel PZT dehydration process through use of
physical (molecular sieve) and chemical approaches (acetic anhydride). The detail works will be
carefully stated in Section 2.3.2. It is quite understood that when such dehydration is free of
thermal treatment, the process will become much easier to control and independent of human

error.

Second, parametric study on thin-film PZT sol-gel deposition. Based on the available results,
defects of sol-gel derived PZT thin films are indentified as bumps, dimples, black dots/holes,
cracks, and partial or complete peel off. Many fabrication parameters are targeted for
evaluating their individual impact on the film defects. It includes spin-coated sol-gel PZT thin film
drying methods, thin film drying temperature and time, age of sol-gel PZT, degree of bottom
electrode porosity, and bottom electrode surface wettability. Intensive study reveals that
bottom electrode porosity is the most crucial parameter that strongly affect deposited thin-film
PZT quality; refer to Section 2.4.4. Comparing with it, the rest parameters only have relatively
minor influence. The merit of this work is that it will help us effectively predict the ongoing thin-

film PZT fabrication yield simply based on the judgment of one parameter.

Third, parametric study on low porous Pt/Ti bi-layer bottom electrode fabrication. It is

known that the degree of bottom electrode porosity is the most critical factor affecting thin-film



PZT quality. How to ensure the repeatability of fabricating low porous bottom electrode
becomes necessary. Another parametric studies is thereafter carried out, which includes the
evaluation of e-beam selection, electrode deposition thickness, electrode annealing
temperature, annealing dwell time, annealing ramp up/down rate, annealing position and
posture, and air flow in the furnace. Through investigation, the parameters setting priorities and
values are individually studied and empirically adjusted; refer to Section 2.2.3. It is confirmed by
the repeated experiment that with adoption of the determined parameter value in right order
the deposited and annealed Pt/Ti bi-layer bottom electrode has a stable trend to bear low

electrode porosity.

Fourth, development of a simple and effective method for extracting lab-made thin-film
PZT piezoelectric coefficients ds;. Measuring piezoelectric properties for thin-film PZT is always
challenging. Currently, there are many available methods for bulk PZT piezoelectric properties
measurement. They frequently adopt two major approaches. The first one is trying to apply an
electric field and measure corresponding strain while the second is to apply a known force and
measure corresponding charge. These two methods are really innovative and appealing, but
they are unfortunately proved to be inapplicable for lab-fabricated thin-film PZT. This is because
PZT taking the form of thin film usually provides an insignificant deformation under applying
field, which makes it very hard to sense surface displacement. On the other hand, thin-film PZT
is extremely vulnerable under a large applying force and very easy to get a film crack, which
avoids accurate measurement of generated charge on its surface. To deal with the challenge, we
design a simple and low cost d3; measuring setup by employing a mini impact hammer, charge
amplifier, and an oscilloscope. When hammer tap on the specimen surface with small impulsive
force, it will cause a thin-film deformation and generate corresponding surface charge. This
electric charge is collected and magnified by charge amplifier and sent to the oscilloscope. In the
meantime, bulk PZT at hammer tip will also send a force generated charge to the oscilloscope.
The oscilloscope registers peaks of both electric signals. The thin-film PZT ds3; with substrate
effect can be obtained by taking the ratio of two peak values. After calibrated with a theoretical
ds; that is free of substrate effect, a ds; calibration factor a is determined. We assume thin-film
PZT is uniform and maintains same quality throughout the whole wafer. When the piezoelectric
coefficient ds; of another specimen on the same wafer is measured through mini hammer

approach, its substrate effect can be compensated by multiplying previously found a and the



real ds; can be restored. The developed method is proved to be a simple, efficient, and accurate
both on bulk and thin-film PZT applications. When applied to a finite element model of a PZT
thin film membrane microactuator, the simulation with the adoption of measured piezoelectric
coefficients d3; matches well with the real experiment results. The detailed works are discussed

in Chapter 3.

Fifth, development of nonporous Pt/Ti bi-layer bottom electrode. During the study, a
deposition and annealing procedure for fabricating newly designed nonporous bottom electrode
(NBE) with the desired surface texture is presented. Then three-layer PZT stacks are spin-coated
and sintered on the NBE alongside with the porous bottom electrode (PBE). To evaluate the
performances of PZT thin film on both types of bottom electrodes, physical properties including
PZT elastic modulus E, thin film leakage current density J, PZT hysteresis loop (P-E loop), as well
as its piezoelectric coefficient ds3, are subsequently measured. Based on the special design, the
performance of PZT thin film fabricated on NBE is expected to be improved comparing with that
on PBE. Unfortunately, such prediction does not eventually well supported by the limited
experimental results. However, NBE contains large effective electrode area by covering the
pores earns it better chance to outperform PBE; refer to Chapter 4. This requires additional

works for further approval.



Chapter 2

FABRICATION OF PZT THIN FILMS BASED MICROSENSORS AND
MICROACTUATORS

2.1 Introduction

For several decades, the fabrication of PZT experiences a long term development.
Nowadays, it is still one of the hottest research topics and received worldwide attention.
Currently the available methods for PZT thin film fabrication are physical deposition (PD) (screen
printing), physical vapor deposition (PVD) (electron-beam evaporation, radio frequency (RF)
sputtering, magnetron sputtering), chemical vapor deposition (CVD) (metal-organic chemical
vapor deposition (MOCVD)), and chemical solution deposition (CSD) (sol-gel process). Among all
competitors sol-gel process ranks the most popular technique and is now widely employed. A
typical sol-gel derived PZT thin film fabrication process for microsensors and microacturators is

illustrated in the Figure 2.1 and can be briefly described in the following sub-steps.

3-Layer Sol-Gel PZT Thin Film

Bare Wafer

Si Si

(a) (d)
Au/Cr Bi-Layer Top Electrode

A T—— I

Si Si
(b) (e)
i i Backside Etching
Si Si
(c) (H

Figure 2.1: PZT thin film fabrication process

First step, a bare boron doped silicon wafer substrate, as sketched in Figure 2.1(a), is deeply

cleaned through use of strong acid or base chemical. Second step, the deeply cleaned silicon
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substrate is fired to a very high temperature in oxygen enriched ambient for growing silicon
oxide insulating layer. Third step, the collected silicon substrate is transferred into low pressure
chemical vapor deposition (LPCVD) furnace for growing silicon nitride stop layer; see Figure
2.1(b). Forth step, pretreated silicon substrate undergoes a platinum (Pt)/titanium (Ti) bi-layer
bottom electrode deposition in the electron-beam evaporation chamber; see Figure 2.1(c). Fifth
step, bottom electrode coated silicon substrate will endure a high temperature annealing
process to release the residual thermal stress that induced in the forth step. Sixth step is the
preparation of sol-gel PZT. Several major sol-gel PZT processes have been reported, which
include alcohol based system [70-73] and acetic acid/water based sol-gel technique [74,75]. In
our research, an acetic acid/water based sol-gel technique is pursued and optimized. In sol-gel
preparation a mixture of metal alkoxides that contain lead (Pb), zirconium (Zr), and titanium (Ti)
nano-clusters is combined with a mixture of alcohol and water. Followed by a hydrolysis and
condensation process after the mixing, a sol with a proper viscosity or a gel will be formed [60].
Seventh step, sol-gel PZT is deposited onto previously platinized silicon substrate by either dip-
coating or spin-coating. As the solvent of the sol-gel evaporates, cross-linking of individual PZT
nano-clusters is promoted and thereafter results in the sol-gel transition. Eighth step, the coated
PZT thin layer is sintered at high temperature together with silicon substrate to obtain a
densified thin film with desired PZT crystalline phase. Figure 2.1(d) shows that PZT multi-layer
stacks can be achieved by simply repeating the coating and sintering steps for several times.
Ninth step, a gold (Au)/chromium (Cr) bi-layer top electrode is deposited onto the thin-film PZT
and patterned by using either wet etching or liftoff process; see Figure 2.1(e). Final step is to
deep-etch from the backside of the silicon substrate via deep reactive ion etch (DRIE) and
release the PZT thin film in the form of electrodes sandwiched membrane; see Figure 2.1(f). The
quality of the fabricated PZT thin film can be inspected under the optical microscope or scanning
electron microscope (SEM). A good PZT thin film usually shows a uniform and crack-free surface

and bares the thickness of around 400 nm per single layer.

The production of high quality PZT thin films requires a good understanding on the
properties of all involved materials and a solid study on the mechanism of each related process.
Generally, these efforts are focusing on four major processes which are silicon substrate
preparation, sol-gel PZT preparation, thin-film PZT deposition, and specimen finalization.

Starting from next section, more details about these processes will be intensively discussed.
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2.2 Substrate

Like many other MEMS, the fabrication processes of PZT thin film derived microsensors and
microactuators are adopted from the microelectronics industry and designed to start on a
substrate with a layer-stacking technique. The selection and preparation of the substrate could
be critical since it exposes a strong effect on the subsequent yield. Due to the good integrability
into existing processing technologies, platinized silicon wafer becomes a commonly used
substrate. However, in recent research it is reported that the various types of materials such as
metallic foil [76], alumina plate [77], glass [78], and flexible plastic film could be decent
substitutes. Metallic foil and alumina plate are selected as substrate because of their high
thermal and chemical stability. But their drawbacks are obvious. Comparing with platinized
silicon wafer, sol-gel derived PZT thin film on metallic foil shows a much lower dielectric
permittivity £33 and piezoelectric coefficient dss. This is believed that the lower property profiles
are possible due to the interactions between PZT thin film and substrate/electrode [76]. On the
other hand, the PZT thin film built on the alumina plate requires a very high sintering
temperature (950 °C to 1050 °C) which inevitably causes high film porosity up to 50%. For this
reason the PZT thickness has to be increased in order to avoid tremendous drop of piezo-
mechanical properties [77]. Glass or flexible plastic film as a substrate is another good trial.
During the process, the PZT thin film is first grown on MgO layer by using graphoepitaxial
technique inside RF-magnetron sputtering and then glued onto the substrate through
transferring process. Although this approach is claimed to reduce the strain and/or constrain
effect to the rigid substrate [78], it will potentially lead to a loose film boundary condition and

introduce the measurement error.

In the study, we use a silicon wafer as substrate. Start from there the substrate preparation
process such as substrate pre-cleaning, silicon oxidation, silicon nitride growth, Pt/Ti bi-layer
deposition, and bottom electrode annealing will be demonstrated. In the mean time, the
bottom electrode morphology analysis including electrode SEM inspection, electrode porosity
control, electrode annealing optimization, and electrode surface wettability test will be

discussed.
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2.2.1 Substrate Pretreatment

Substrate Selection

The silicon wafers with sizes of 3 inches and 4 inches are two common choices for the
MEMS microfabrication research. In our case, 3 inches p-type <100> boron doped silicon wafers
are frequently adopted. These commercial available single side polished (SSP) wafers usually
bare the conductivity of 1-10 Q-cm and thickness of 330-432 um (13-17 mils). Table 2.1 lists the
specifications of 3 and 4 inches wafers that purchased from two companies (Silicon Quest

International, Inc. and Montco Silicon Technologies, Inc.).

Table 2.1: The specifications of 3 inches and 4 inches wafers

- . Montco Silicon
Silicon Quest International, Inc.
Technology, Inc.

Thickness (um) 330-432 475 - 575 356 - 406
Diameter (inch) 3 4 3+0.02
Resistivity (Q-cm) 1-10 5-10 1-5
Type/Orientation P/Boron <100> P/Boron <100> P/Boron <100>
Specification SSP, 2 SEMI-STD FLATS  SSP, 2 SEMI-STD FLATS  Prime, SEMI-STD FLATS
Part # - - -
Lot # INV3PO1-10TST INV4PO5-10TST 3P01-5SSP-INV
Quantity (pcs/Box) 25 25 25

Substrate Pre-Cleaning

Although sitting in the sealed box, bare silicon wafers may have surface contaminations.
For example, the organic and inorganic materials can be introduced when wafers are wire-
sawed from silicon boule, doped in the furnace, and packed by the operators. These
contaminations could be deeply removed during substrate pre-cleaning process by immersing

the wafers in the wet chemical bath such as strong acid or base solution.

As shown in the Table 2.2, a typical procedure is described as follow. First, bare wafers are
loaded on a boat and sunk into a Nano-Strip™ (photomask and wafer resist stripping and
cleaning agent from Cyantek, Inc.) tank at room temperature for 20 minutes. Nano-Strip™
comprises a stabilized formulation of 90% sulphuric acid (H,S04), 5% peroxymonosulfuric acid
(H,S0s5) and <1% hydrogen peroxide (H,0,) compounds. It will react with organic materials and

metals. Second, after a 3 cycles of dump rinse in the deionized (DI) water, wafer boat is
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transferred into a buffered oxide etch (BOE) tank that contains ammonium fluoride (NH,F) and
hydrogen fluoride (HF) with a 10:1 ratio at room temperature for 2 minutes. BOE is a chemically
stable solution designed to maintain a certain pH and a more uniform etching rate. It is used
specifically to remove native oxides, a very shallow layer with thickness of approximately 1 nm,
which formed on silicon when exposed to air under ambient condition. Third, when dump rinsed
in the DI water for 3 cycles, the wafer boat is shifted back to the Nano-Strip™ tank for another
20 minutes and followed by additional 3 cycles of dump rinse. At last, the wafer boat is placed

into the chamber of a spin rinse dryer for final cleaning and air dehydration.

Table 2.2: A typical procedure of silicon substrate pre-cleaning process

Cleaning Bath Operation Duration
Nano-Strip™ Di 20 min.
Step 1 P P
DI Water Dump Rinse 3cl
BOE Dip 2 min.
Step 2 .
DI Water Dump Rinse 3cl
Nano-Strip™ Di 20 min.
Step 3 P P
DI Water Dump Rinse 3cl
Step 4 DI Water Spin-Rinse & Dry 1lcl

Silicon Oxidation

Deep-cleaned silicon wafer is previously implanted with boron dopant. According to the

equation

. 1.305x10° 1.133x10"
N N [1+ (258x10°N )’0‘737}

(2.1)

where N is dopant density, such material impurity will cause silicon wafer to be conductive [79].
Growing a silicon oxide (SiO,) layer on top of the wafer can build an insulating buffer and

prevent the aftermath of the conductivity.
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Figure 2.2: Oxygen-enriched silicon oxide fast growth
Table 2.3: Silicon oxidation process recipe
Seq. Time Target N,/H N,/H N,BP
Step a , Bt L sol  N,SP 0,50 opsp M2 Na/Me N
Type (min) (°C) Sol SP Sol
L Time to
1 Initialize 10 30 Open 60.0 Closed 0.0 Closed 0.0 Closed
Target
2 Rampup Ramp 10 1050 Open 60.0 Closed 0.0 Closed 0.0 Closed
3 Stabilize Dwell 10 1050 Open 60.0 Closed 0.0 Closed 0.0 Closed
4 Oxidize Dwell 180 1050 Open 30.0 Open 10.0 Closed 0.0 Closed
5 Purge Dwell 10 1050 Open 60.0 Closed 0.0 Closed 0.0 Closed
6 Ramp Down Ramp 3.0 30 Open 60.0 Closed 0.0 Closed 0.0 Closed
7 End End XXX XXX Closed 0.0 Closed 0.0 Closed 0.0 Open

Silicon oxidation process is conducted in the oxidation tube furnace (MRL812 atmospheric
furnace stack tube 3) from Washington Technology Center (WTC) Microfabrication Laboratory.
Two options, dry and wet oxidation, are available for growing the layer. However, comparing
with the first option the wet oxidation is much more efficient. When the oxygen (0O,) flows
through the heated (95 °C) DI water bubbler, it dissolves the water into the process gas and
injects the vapor into the oxidation tube furnace. This will provide an oxygen-enriched ambient
for silicon oxide fast growth. In the mean time, as shown in the Figure 2.2, bare wafers (25
wafers per process batch) are vertically lined up on the quartz boat in a row with polished side
facing towards the tube entrance. When the tube furnace is preheated to the process
temperature, literally 1050 °C, the boat is gradually slid inside the middle of the tube where the
uniform temperature produces a flat heat zone (FHZ). It usually takes up to 3 hours for growing
the silicon oxide to around 500 nm. Referring to the Table 2.3, during the whole process the
furnace temperature and gas flow are controlled by a computer through preprogrammed
SpecView software. After overnight furnace cooling, oxidized wafers with pink color will be

collected and inspected under ellipsometer or Nanospec thickness measurement system. A five-
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spot inspection method illustrated in Figure 2.3 is adopted for silicon oxide thickness verification.
From Table 2.4 we continuously observe that the thicknesses of the oxide layer measured at
surrounding edge of the wafer are always thicker than that obtained at the center location. The
possibility could be high that the oxidation process gas in the tube furnace can hardly be evenly

distributed under the laminar flow.

+

Top Location

Center Location

+ +

Left Location Right Location

Bottom Location

+

Figure 2.3: Five-spot inspection for silicon oxide thickness verification

Table 2.4: Silicon oxide thickness five-spot inspection data

Batch No.  Wafer No. Top (nm) Bottom (nm) Center (nm) Left (nm) Right (nm)

1 542.7 541.1 539.5 571.1 547.0
X-002 13 540.6 534.7 535.6 561.0 537.8
25 524.8 528.7 526.2 536.5 530.8
1 530.9 544.9 535.7 540.9 541.1
X-003 13 553.2 574.8 555.5 555.5 552.3
25 542.6 562.6 552.7 551.1 548.3
1 582.8 583.7 581.6 593.6 586.5
X-008 13 587.2 576.7 577.2 581.3 591.0
25 580.7 595.5 585.7 591.2 591.9

Silicon Nitridation

Silicon nitride (SisN,4 or SiN,) is a chemical compound of silicon and nitrogen. It is reported
by many researchers that silicon nitride is a hard ceramic having mechanical strength over a
broad temperature range [80-82], moderate thermal conductivity [83,84], low coefficient of
thermal expansion [85,86], moderately high elastic modulus [80-82,85], and high fracture
toughness [80-82]. In addition, it is noticed that silicon nitride layer is repeatedly used as a

popular insulator [87,88] and chemical barrier in silicon-based MEMS device to electrically
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isolate different structures or as an etch mask in bulk micromachining. Moreover, as a
passivation layer silicon nitride is superior to silicon oxide, as it is a significantly better diffusion
barrier against water molecules and sodium ions, which are two major sources of corrosion and
instability in micro electro-mechanical systems [89,90]. For these reasons, it is necessary to add
a silicon nitride layer right above the silicon oxide to enhance the substrate mechanical and

chemical behavior.

There are many ways to grow silicon nitride. One of them is through a simple direct
chemical reaction. Silicon wafer is burnt in nitrogen ambient at temperatures between 1300 and

1400 °C and silicon nitride can be formed by following equation
3Si(s)+2N,(g) — Si;N, (s) (2.2)

Other widely employed methods are low pressure chemical vapor deposition (LPCVD) and
plasma enhanced chemical vapor deposition (PECVD). LPCVD is a technology depositing silicon
nitride at a rather high temperature in a horizontal tube furnace, while PECVD can work at a
rather low temperature under vacuum conditions. Both technologies are attractive because of
their high efficiency. For example, LPCVD has a nitride deposition rate of 1.5-2 nm/min while
PECVD can achieve 10-30 nm/min [91]. All makes these possible should credit the following

synthesis equations

3SiH, (9)+4NH, (g) - Si;N, (s)+12H,(g) (2.3)
3SiCl, (g)+4NH,(g)— Si;N, (s)+12HCI(g) (2.4)
3SiH,Cl, (g)+4NH,(g) > Si;N, (s)+6HCI(g)+6H,(9) (2.5)
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Figure 2.4: Silicon nitridation process
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We operate the silicon nitridation process on LPCVD (tube furnace No.3) in WTC
Microfabrication Laboratory. First, the processing wafers (25 wafers per process batch) are
loaded into a quartz cassette and put on the center of a paddle. For thickness inspection
purpose, bare dummy wafers are inserted in the middle and both ends of the cassette with one
at each location, see Figure 2.4. Second, when paddle is transported into the tube furnace by
timing belt, the tube door will be closed and sealed simultaneously. Third, following equation
(2.5), dichlorosilane (DCS, SiH,Cl;) and ammonia (NHs) are imported into the tube furnace with
proper mixing ratio (ex. in our case the ratio is 5:1). Controlled by a computer, the deposition
pressure will drop to 300 mtorr, meanwhile the processing temperature will rise up to 825 °C.
Finally, after approximately 40 minute, the deposition of silicon nitride with thickness around
200 nm is accomplished. A typical nitrided silicon wafer should reflect green color. Same
inspection instrument and method that used on silicon oxide are acquired for silicon nitride
thickness verification. The measurements are shown in Table 2.5. Under Nanospec system, we
are aware that the nitride thicknesses of wafers located in the front of quartz cassette are most
likely thicker than those of substrates sit in the back. One possible reason is that the mixing
chemicals flow in from the front end of the furnace and then fill up the whole tube which

eventually leads to a different chemical concentration and reaction rate.

Table 2.5: Silicon nitride thickness five-spot inspection data

Batch No.  Wafer No. Top(nm)  Bottom (nm) Center (nm) Left (nm) Right (nm)

1 237.9 219.0 218.1 233.9 229.9
N-002 13 216.3 198.7 240.6 300.5 210.5
25 230.7 216.1 230.0 227.7 236.0
1 219.7 208.6 219.2 217.4 217.4
N-003 13 199.8 188.1 189.4 197.6 197.2
25 217.8 201.6 202.0 211.9 209.0
1 228.0 217.4 227.6 226.4 224.5
N-008 13 221.3 204.5 206.6 219.5 213.5
25 238.4 218.4 209.0 232.4 227.6

Although it has higher resistivity and dielectric strength than most insulators commonly
available in microfabrication (1016 Q-cm and 10 MV/cm, respectively) [91], It is notable that
silicon nitride deposited by LPCVD will experience strong tensile stress. Such stress could be

dramatically reduced in PECVD technology by adjusting deposition parameters.
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2.2.2 Bottom Electrode Evaporation and Annealing

Bottom Electrode (Pt/Ti Bi-Layer) Evaporation

In the application of MEMS microsensors and microactuators, Lead Zirconate Titanate
Oxide (PbZr,Ti;.,O3 or PZT) becomes most widely studied ferroelectric material. PZT requires
electric contact from electrodes to be functional. Recently, it is reported that electrodes are
found to play an important role in the performances of PZT [92-94] including remnant
polarization (2Pr), cycles of fatigue, and leakage current. In order to maintain a high PZT
performance and reliability, researchers have investigated many types of bottom electrodes
such as platinum (Pt) [95-97], ruthenium oxide (RuO,) [98,99], strontium ruthenate (SrRuO;)
[100-102], calcium ruthenate (CaRuQs) [102], iridium (Ir) [103], iridium oxide (IrO,) [104,105],
lanthanum nickel oxide (LaNiOs) [101,106], and indium tin oxide (ITO) [107] to fulfill such
requirements. However, among all of them a combination of Pt/Ti bi-layer is widely adopted. As
a standard electrode material, Pt has an outstanding compatibility during PZT fabrication since it
possesses a high conductivity under electric field and excellent stability in high temperature
oxidation. Moreover, Pt outperforms its competitors by dominating the PZT crystallographic
orientation in <111> to ensure higher piezoelectric coefficients and dielectric constant. To
improve bonding between Pt and silicon substrate, a Ti thin layer is frequently selected for
promoting adhesion [108,109]. The formation of Pt/Ti bi-layer electrode is usually realized by

standard metallization techniques such as sputtering and evaporation.

Figure 2.5: Alignment mark covered by Kapton® mask tapes

In the study, we take advantage of E-Beam evaporator from WTC for bottom electrode

deposition, not only because of its fast deposition rate but also due to its less raw material
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consumption. Deposition material Pt (99.99% pure, 1/8 inch dia. x 1/8 inch) and Ti (99.995%
pure, 1/8 inch dia. x 1/8 inch) pellets are both purchased from Kurt J. Lesker® Company. A
typical procedure can be described as follow. First, pretreated wafers are cleaned by Nano-
Strip™ bath followed by dump rinse and dry process. Second, Kapton® mask tapes (Kapton®
Polyimide Film, made by DuPont Company) are applied on both edges of the wafer as shown in
Figure 2.5 to cover the alignment mark. Third, the wafers are placed face down on a substrate
planetary inside evaporator (CHA E-Beam Model 822 <Au alloy> or NRC E-Beam Model 3117 <Al
Alloy>). Forth, the evaporation chamber is pumped down to 3.0x10° Torr to initiate the
deposition process. The Ti and Pt layers are sequentially deposited with empirical target
thicknesses of 50 nm (under rate of 0.1 nm/s) and 100 nm (under rate of 0.3 nm/s), respectively.
It is suggested that both E-gun sweep speed and crucible heating power need to be carefully
tuned for a good final electrode quality. Improper E-gun sweep speed will either cause an
underheated deposition material or increase the risk of melting down the crucible. The former
interferes with the deposition rate while the latter brings the metal contamination. Unsuited
heating power, especially refer to a fast power increment, will overheat the shell of the
deposition material but leave a cold core inside. Such uneven heating up eventually causes
metal burst and non-uniform electrode. Extreme case may even cease the deposition process.
This typically occurs to the material with very high melting point such as Pt (1768 °C). To avoid
the situation, longitudinal and lateral E-gun sweep frequencies are usually preset to 3 Hz and 2
Hz, respectively. Table 2.6 lists the empirical crucible heating and deposition parameters for Ti

and Pt while Figure 2.6 illustrates the heating profiles for both materials.

Table 2.6: Empirical crucible heating and deposition parameters for Ti and Pt

Step 1: Melting Step 2: Boiling Step 3: Deposition

Metal Melting Rise Time  Soak Time Boiling Rise Time Soak Time  Thickness Time
Point (°C)  (min:sec) (min:sec)  Point (°C)  (min:sec)  (min:sec) (nm) (min:sec)

Ti 1668 2:00 1:00 3287 1:00 1:.00 50 8:20

Pt 1768 3:00 2:00 3825 2:00 1:00 100 5:33
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E-Beam Heating Profiles for Titanium (Ti) and Platinum (Pt)
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Figure 2.6: Ti and Pt heating profiles during E-Beam evaporation

Bottom Electrode Annealing

Figure 2.7: SEM picture of typical annealed Pt/Ti bottom electrode

After bottom electrode deposition, the Pt/Ti bi-layer electrode always requires to be
annealed under high temperature to get a condensed structure with rough micro surface; see
Figure 2.7. Bottom electrode annealing process is conducted in general purpose tube furnace
(MRL812 atmospheric furnace stack tube 4) from WTC. As shown in the Figure 2.8, several
platinized silicon wafer substrates are laid down one next to the other on the quartz elephant
ear in the tube furnace at 800 °C for 30 to 60 minutes. A condensed Pt/Ti structure can prevent
bottom electrode from peeling off during PZT thin film deposition, while a rough micro surface

will make sure PZT thin film firmly anchor into the bottom electrode.
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Figure 2.8: Top view of platinized silicon wafers under annealing process

Annealing process is necessary for creating surface microstructure, but it also raises a big
challenge, that is high annealing temperature can easily introduce porosity to the Pt/Ti bottom

electrode and thereafter affect PZT thin film mechanical, electrical, and ferroelectric properties.

Some researchers suggest that this could be avoided if the bottom electrode is deposited
on the preheated silicon substrates [110,111]. When Pt/Ti bi-layer is deposited at low
temperature, a tremendous compressive residual stress in Pt film is pre-stored, this is due to Pt
layer possesses a very small grain size and has a tendency to re-crystallize during any
subsequent thermal treatment [112]. In the later high temperature thermal treatment in oxygen
ambient, such stress can be relaxed and become tensile by shrinkage of the film thickness and
formation of hillocks and bumps [113,114]. Upon the further high temperature thermal
annealing, the Pt hillocks population and grain size will increase [115] and finally yield a porous

Pt with decreased density [116,117].

Other researchers, however, indicate that porous bottom electrode due to annealing may
be the result of a strong Ti diffusion into the Pt film generating an additional compressive stress
[118]. During the annealing, high temperature enhances oxidation of the intermediate Ti layer
and triggers its migration into/through Pt [119] followed with an oxidation in the Pt grain
boundaries. This will either result in the depletion of Ti bonding material and subsequent loss of
Pt adhesion or cause the formation of TiO,., in the platinum and ultimate encapsulating TiO, film
on top of Pt [111]. The extensive TiO, formation with a low dielectric constant can drastically
reduce the net charge density of the device [112]. It is proposed that a modification of Pt/Ti bi-
layer deposition and annealing sequence can effectively eliminate the problems [120]. For
example, Ti layer is first annealed right after its deposition and then Pt is coated followed with

second annealing.
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In order to obtain nonporous Pt/Ti bi-layer bottom electrode, we put much effort on trying
to follow above two ideas. Unfortunately, it turns out that both methods are currently not
applicable to our fabrication. First, due to the equipment limitation from WTC, we are unable to
heat the silicon substrate during electrode deposition and will inevitably suffer from a Pt/Ti bi-
layer with residual thermal stress. Second, although it reveals that pre-oxidized Ti layer has a
weak tendency to diffuse into or react with Pt during the final electrode annealing, we
discovered that such bottom electrode can hardly survive (cracks or peels off) from conventional
sol-gel PZT rapid thermal anneal (RTA) treatment; see Figure 2.9. For this reason, the design of a
stronger nonporous Pt/Ti bottom electrode with proper surface microstructure is required. This

special research will be discussed in Chapter 4.

Figure 2.9: Pt/Ti bottom electrode is peeled off after sol-gel PZT RTA Treatment

2.2.3 Bottom Electrode Porosity Analysis

Porosity analysis is a micro level study on Pt/Ti bi-layer, which mainly focuses on the degree
of porosity on annealed bottom electrode caused by high temperature treatment. Under SEM,
each annealed bottom electrode required to be inspected at nine spots for porosity analysis; see
Figure 2.10. As mentioned in previous section, Pt/Ti bi-layer tends to be pulled porous during
annealing process. Besides stress relaxation and Ti diffusion, other possible factors such as E-
Beam selection, electrode thickness, annealing temperature, annealing time, annealing ramp
up/ramp down rate, annealing position and posture, and air flow in the furnace could all play
important roles in the degree of porosity on final annealed electrode. Unveiled by SEM
inspection, four major electrode porosity degrees such as none porosity (imperforation), low

porosity, medium porosity, and high porosity (island shape) are successfully discovered.
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Repeated experiments also imply that sol-gel PZT fabricated on the bottom electrode with
different morphology has a very stable trend to produce thin film in various qualities. Although
the mechanism causing such varieties still remains unclear, one rational guess is that Pt/Ti
metallization has a strong influence to the morphology and orientation of PZT thin film since
Pt/Ti interface properties mainly affect PZT nucleation-and-growth process. Parametric study,
however, provides another possibility to correlate the individual tuning factor with electrode
porosity. The database generated by such correlation will serve as a guideline to sort out the

factor optimization priority and help projecting the PZT yield tendency.

Figure 2.10: Nine-spot inspection array for morphology analysis

E-Beam Selection

In WTC Microfabrication Laboratory, two different evaporators (CHA E-Beam Model 822
<Au alloy> and NRC E-Beam Model 3117 <Al Alloy>) are deployed for electrode deposition. By
accident, we find that the selection of E-Beam evaporator could strongly interfere with the
bottom electrode annealing results. In the study, four wafers are evenly divided into two testing
groups and platinized in CHA and NRC, respectively. Same Pt/Ti bi-layers are deposited on all
four wafers but annealed separately according to setup in Table 2.7. The results show that
annealing time for electrodes from NRC must be reduced for obtaining similar electrodes
porosity to that from CHA; see Figure 2.11. This draws our attention to the deposition
mechanism in two evaporators. First, E-gun power in NRC is much lower than that in CHA since
NRC holds less evaporation material in a smaller crucible while CHA takes a larger crucible with
more material. Second, NRC is designed to maintain high vacuum by using liquid nitrogen filled
diffusion pump. The liquid nitrogen effectively cools down the pump oil. However, it may also

decrease the temperature inside the deposition chamber. CHA, instead, deploys turbo
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molecular pump which results a much higher chamber temperature. These factors inevitably

lead to a chamber temperature variance in two evaporators and induce different thermal

residual stresses in the deposited Pt/Ti bi-layer.

Table 2.7: Empirical setups for different E-Beam selection and annealing time

Wafer E-Beam TiThickness Pt Thickness Ramp up Target Dwell Time Ramp down Annealing
No. Type (nm) (nm) Time (min.) Temp. (°C) (min.) Time (min.)  Posture
SI-002 CHA (Au) 50 100 60 800 60 60 Flat
SI-003 CHA (Au) 50 100 60 800 60 60 Flat
SI-219  NRC (Al) 50 100 60 800 40 60 Flat
SI-220  NRC (Al) 50 100 60 800 40 60 Flat

Figure 2.11: SEM pictures of Pt/Ti porosity after annealing. Electrodes on top (SI-002, SI-003) are

deposited in CHA. Those on bottom (SI-219, SI-220) are deposited in NRC.

Electrode Thickness

In this study, we produce two platinized wafers with different Pt/Ti bi-layer thicknesses; see

Table 2.8. After going through same annealing process, the thicker Pt/Ti bi-layer becomes

porous but the thinner one turns island; see Figure 2.12. This is because Pt, Ti, or Pt/Ti alloy may

be partially melted under considerably high temperature and possesses certain creeping

mobility. Driven by the surface tension, Pt/Ti tends to reduce surface area to volume ratio by

shrinking layer thickness and forming near-spherical shape. Comparing with thinner Pt/Ti, the

thicker bi-layer has more material, which provides more room to prevent it from being severely

pulled.



25

Table 2.8: Empirical setups for different Electrode Thickness

Wafer E-Beam TiThickness Pt Thickness Ramp up Target Dwell Time Ramp down Annealing
No. Type (nm) (nm) Time (min.) Temp. (°C) (min.) Time (min.)  Posture

SI-004  CHA (Au) 50 100 60 800 60 780 Flat

SI-184 CHA (Au) 25 100 60 800 60 780 Flat

Figure 2.12: SEM pictures of Pt/Ti porosity after annealing. Electrode in the left (SI-004) is
thicker than that in the right (SI-184).

Annealing Temperature

Annealing temperature (target temperature) determines the metal tensile strength. It is
reported that Ti loses its strength when heated above 430 °C [121], while Pt with purity 99.5%
has sudden drop in the value of tensile strength in the temperature interval of annealing of 650-
680 °C [122]. We test two identical platinized wafers under different annealing temperatures;
see Table 2.9. The results in Figure 2.13 confirm the prediction that higher temperature much
easier forms a porous Pt/Ti bottom electrode. The explanation is that extensively heated Pt/Ti
bi-layer has much lower material strength to fight with pre-stored residual stress that induced

by electrode deposition.

Table 2.9: Empirical setups for different annealing temperature

Wafer E-Beam TiThickness Pt Thickness Ramp up Target Dwell Time Ramp down Annealing
No. Type (nm) (nm) Time (min.) Temp. (°C) (min.) Time (min.)  Posture
SI-207  NRC (Al) 50 50 60 800 15 60 Flat

SI-208  NRC (Al) 50 50 60 700 15 60 Flat
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Figure 2.13: SEM pictures of Pt/Ti porosity after annealing. Left electrode (SI-207) is annealed
under 800 °C while the Right one (SI-208) is annealed under 700 °C.

Annealing Time

Annealing time (dwell time) is the maximum period for Pt/Ti bi-layer condensation. Table
2.10 lists different annealing time for two identical electrodes. Under the same annealing
temperature, longer dwell time allows more electrode residual stress to be fully released and

form irreversible island pattern; see Figure 2.14.

Table 2.10: Empirical setups for different annealing time

Wafer E-Beam TiThickness Pt Thickness Ramp up Target Dwell Time Ramp down Annealing
No. Type (nm) (nm) Time (min.) Temp. (°C) (min.) Time (min.)  Posture

SI-193  CHA (Au) 50 100 60 800 10 60 Flat

SI-198 CHA (Au) 50 100 60 800 30 60 Flat

Figure 2.14: SEM pictures of Pt/Ti porosity after annealing. Electrode in the left (SI-193) is

annealed for 10 min. and that in the Right (SI-198) is annealed for 30 min.

Annealing Ramp up/Ramp down Rate

Ramp up/ramp down rate refers to the heating increment for reaching the target annealing
temperature. Not like RTA, annealed wafer should be heated up with the furnace followed by a
furnace cooling. Two empirical setups listed in Table 2.11 are used for comparison purpose.

Both setups adopt same ramp up rate, annealing temperature and annealing time. However,
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first setup using lower ramp down rate provides additional effective annealing time and leads to
a porous Pt/Ti; see Figure 2.15. Instead, second setup is a modified recipe that adopts a higher
ramp down rate. This enables a quick furnace temperature drop and retains a relatively intact

electrode pattern; see Figure 2.16.

Table 2.11: Empirical setups for different annealing ramp down rate

Wafer E-Beam TiThickness Pt Thickness Ramp up Target Dwell Time Ramp down Annealing

No. Type (nm) (nm) Time (min.) Temp. (°C) (min.) Time (min.)  Posture
SI-012 CHA (Au) 50 100 60 800 60 780 Flat
SI-008 CHA (Au) 50 100 60 800 60 60 Flat

....................

Palg]

Figure 2.15: Temperature vs. time graph is shown in the left where a low ramp down rate is

adopted. Right picture is the electrode porosity for Pt/Ti through left annealing setup.

=
Palg]

Figure 2.16: Temperature vs. time graph is shown in the left where a high ramp down rate is

adopted. Right picture is the electrode porosity for Pt/Ti through left annealing setup.

Annealing Position and Posture

In the study, we repeatedly find that the position and posture of wafer annealing in the
tube furnace tremendously affect the finally annealing results. Although ideally the temperature
should be three-dimension evenly distributed inside the tube, the real case indicates a big

variation from location to location, even in the tube flat heat zone. During the experiment, we
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carry out two sets of wafers, three per set, for comparative study. First round, one set of wafers
is vertically standing in the quartz boat; see Figure 2.17. Second round, another set is laid down
one next to the other on the quartz elephant ear; refer to Figure 2.8. The annealing setups for
both rounds are identical; see Table 2.12. Six wafers are individually inspected under SEM. For
the first set, all three wafers only show Pt/Ti porosity near surrounding edges but leave the
centers untouched; see Figure 2.18. On the contrary, the second set shows pretty similar

electrode porosity patterns throughout the entire wafers; see Figure 2.19.
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Figure 2.17: Side view of platinized silicon wafers during vertical annealing

Figure 2.18: SEM pictures of Pt/Ti porosity after vertical (stand) annealing. Columns from left to
the right represent annealed electrodes on wafer SI-037, SI-038, and SI-039, respectively. Rows

from top to bottom are inspections at spot 12, 22, and 32, respectively.
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Figure 2.19: SEM pictures of Pt/Ti porosity after laid down (flat) annealing. Columns from left to
the right represent annealed electrodes on wafer SI-118, SI-119, and SI-120, respectively. Rows

from top to bottom are inspections at spot 12, 22, and 32, respectively.

Air flow

Unexpected air flow introduced by tube temperature difference can hardly be avoided in
the capped furnace. Uneven Pt/Ti porosity caused by such insignificant air flow is usually
observed. We conduct two identical platinized wafers undergoing annealing processes listed in
Table 2.13. It happens to find that macro views of two annealed electrodes bare different
morphologies; see Figure 2.20. It should be pointed out that different annealing time and ramp
down rate could not be reasons causing such pattern variances, since they are the factors that
affect the porosity on the whole electrode simultaneously. Micro views of electrode porosities
inspected in different locations are shown in Figure 2.21. It clearly demonstrates the

temperature drop along the path of circulating air flow.
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Table 2.13: Empirical setups for different annealing time and ramp down rate

Wafer E-Beam TiThickness Pt Thickness Ramp up Target Dwell Time Ramp down Annealing
No. Type (nm) (nm) Time (min.) Temp. (°C) (min.) Time (min.)  Posture

SI-197  CHA (Au) 50 100 60 800 60 30 Flat

SI-199  CHA (Au) 50 100 60 800 30 60 Flat

(a) (b)

Figure 2.20: (a) and (b) are macro views of electrode porosity for SI-197 and SI-199.

Figure 2.21: Micro views of Pt/Ti porosity after annealing. Top and bottom rows represent
annealed electrodes on wafer SI-197 and SI-199, respectively. Columns from left to right are

inspections at spot 11, 12, and 13, respectively.
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Conclusion

Generally, Pt/Ti bi-layer bottom electrode deposition and annealing is a very important
step. It directly determines the thereafter PZT thin film quality deposited on it and must be paid
special attention. Through long term investigation, setting priorities and values of all annealing
factors for Pt/Ti electrode are individually studied and empirically tuned; refer to Table 2.14. By
adopting these adjusted annealing factors in right order, annealed Pt/Ti bi-layer has a stable
trend to bear low electrode porosity while maintaining proper surface microstructure. Repeated
experiments also confirm that chances are good that sol-gel PZT spin-coated on low porous Pt/Ti
electrode will eventually yield high quality thin-film PZT. More details about the relationship

between bottom electrode porosity and will PZT thin film quality be further discussed in Section

2.4.4.
Table 2.14: Empirical setting priorities and base values of annealing factors
Priority 1% 2" 3" 4" 5 6" 7"
Fact E-Beam  Annealing Position  Electrode Annealing  Annealing  Annealing Ramp Air
actor
Selection and Posture Thickness Temperature Time up/Ramp down rate Turbulence
Base Flat Heat Zone Ti: 50 nm ) 60 °C/Min.
NRC (Al) 800 °C 30 Min. ) N/A
Value Flat Pt: 100 nm 60 °C/Min.
2.3 Sol-Gel PZT

PZT can be prepared through many ways, among which sol-gel method is widely adopted. It
becomes so popular is because such method possesses many unsurpassable privileges. First, sol-
gel PZT that formed in terms of colloid solution can be prepared in advance with precise control
of required chemicals. Second, sol-gel PZT takes advantage of chemical solution deposition (CSD)
to yield desired thin film composition through transferring excellent controlled stoichiometric
ratio from coating solution [123]. Third, thickness of thin film deposited by sol-gel PZT can be
easily adjusted using spin-coating method. Fourth, low production cost enable sol-gel PZT be

deployed for large area thin film fast deposition [124].

Although alcohol based and acetic acid/water based systems are two common sol-gel PZT
preparation techniques, our experiment follows the classic recipe of preparing acetic acid/water

based sol-gel PZT mentioned in doctoral dissertation by Yi-Chu Hsu [125]. Instead of brief
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introduction, more details about sol-gel PZT preparation procedure and its mechanism are
deeply discussed. For repeatability and simplification purpose, some process modifications are

proposed. The method for sol-gel PZT quality analysis is also included at last.

2.3.1 Sol-Gel PZT Preparation

Sol-gel PZT preparation starts with three organic precursors: lead (ll) acetate trihydrate
(Pb(C,H30,),-3H,0, 99+%, A.C.S. Reagent, Sigma-Aldrich®), zirconium (IV) propoxide
(Zr(OCH,CH,CH3)4, 70 wt.% in 1-propanol, Sigma-Aldrich®), and titanium (IV) isopropoxide
(TifOCH(CH3);]4, 97%, Sigma-Aldrich®).

Lead acetate held in beaker is dissolved in glacial acetic acid (CH;COOH, with more than 80%
acid by mass, J. T. Baker®) at 80 °C on stirring hot plate (Corning® PC-620D). Stirring bar is
applied at the moment for a fully precursor dissolution, during which 3 mole crystalliferous
water is freed out. The solution temperature is then raised up to 110 °C for 5 minutes to drive
water away. This step is crucial since undesired water in the solution will cause gelation of
zirconium propoxide and titanium isopropoxide. According to the records, almost 60% failures
of sol-gel PZT preparation are directly related to the existence of water in lead acetate
trihydrate precursor solution. However, over dehydration may remove necessary acetic acid and
decrease solution solubility. To avoid the case, a Parafilm® (Pechiney Plastic Packaging Company)
with a hole (around 15 mm in radius) in the middle is covered on the beaker to limit acetic acid
evaporation. The anhydrous solution is then cooled to room temperature. In another beaker,
zirconium propoxide and titanium isopropoxide are sequentially added and string mixed. 20

minutes later, two solutions are mixed by pouring sticky liquid from one beaker into the other.

At this stage, four reactions such as substitution, esterification, hydrolysis, and
condensation occur successively [126]. The mechanism of these reactions requires a fully

understanding.

Substitution Reaction

When mixed with acetic acid, both zirconium propoxide and titanium isopropoxide rapidly

initiate reactions to exchange their propyl and isopropyl groups with acetyl group according to

Zr(OCH,CH,CH,), + 2CH,COOH — Zr(OCH,CH,CH.,), (CH,COO), + 2CH,CH,CH,OH  (2.6)
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Ti[OCH (CH,),], + CH,COOH — Ti[OCH (CH,),],(CH,COO0) + CH (CH,),OH (2.7)

and produce zirconium propoxide diacetate and titanium isopropoxide monoacetate. These

compounds are major materials for the later condensation reaction.

Esterification Reaction

Once substitution reaction is done, the esterification reaction starts [127] following

CH,CH,CH,OH +CH,COOH = CH,COOCH,CH,CH, + H,0 (2.8)

CH(CH,),0OH +CH,COOH = CH,COOCH (CH,), + H,0 (2.9)

Propanol and isopropanol yielded from Equation (2.6) and (2.7) will react with remaining acetic
acid in the solution to form propyl acetate and isopropyl acetate individually. Water is another

product from the reaction and will serve as fuel in the following hydrolysis reaction.

Hydrolysis Reaction

When the quantity of water produced by esterification reaction reaches critical value, it will

activate hydrolysis reaction [128] according to

Zr(OCH,CH,CH,), (CH,C00), + H,0 — Zr(OCH,CH,CH,)(CH,C00),0H +CH,CH,CH,0H

(2.10)

Ti[OCH (CH,),],(CH,CO0) + H,0 — Ti[OCH (CH,),],(CH,CO0)OH +CH(CH,),0H

(2.11)

In the Equation (2.10) and (2.11), both zirconium propoxide diacetate and titanium isopropoxide
monoacetate have fast reaction with water and form propanol and isopropanol, respectively. In
the meantime, propoxy group (OCH,CH,CHs) in the zirconium propoxide diacetate and
isopropoxy group (OCH(CHs),) in the titanium isopropoxide monoacetate are substituted by
hydroxy group (OH). Such hydroxy group can be used in the further condensation reaction to

create linkages of metal propoxide acetate [126].
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Condensation Reaction

Condensation reaction is brought by the presence of hydroxy group, which will form -Zr-O-
Zr- and -Ti-O-Ti- networks within zirconium propoxide diacetate and titanium isopropoxide

monoacetate. Possible equations for the reaction are proposed as follow

Zr(OCH,CH,CH,), (CH,C0O0), + Zr(OCH ,CH,CH,)(CH,C0O0),OH

2.12
— (CH,C00),(OCH,CH,CH,)Zr -0 - Zr(OCH,CH,CH,)(CH,C0O0), + CH,CH,CH,OH (2.12)

Ti[OCH (CH,),],(CH,COO0) + Ti[OCH (CH,),1,(CH,CO0)OH

— (CH,COO)[OCH (CH,),1,Ti~O ~Ti[OCH (CH,), 1, (CH,C00) + CH (CH,),0H (2.13)

It is noticed that Equation (2.8) and (2.9) work in both directions. When the water
produced in the equation is excessively consumed in the hydrolysis reaction, the equilibrium
position of esterification reaction will shift to the right until acetic acid in the solution is used up.
Since there is adequate acetic acid in the solution, it can speed up the hydrolysis and
condensation reaction. Leaving the solution unattended at this stage, above two reactions will
crosslink more -Zr-O-Zr- and -Ti-O-Ti- and eventually lead to the formation of solid precipitates
or a fully gelled continuous network and destroy the sol-gel PZT. This post polymerization is
what called gelation. Gelation of sol-gel PZT can never be terminated, but there are some ways
to slow it. One treatment is to add additional amount of DI water. It is claimed that the gelation
time of sol-gel PZT highly depends the amount of added water [129]. When the molar ratio of
zirconium propoxide, titanium isopropoxide, and acetic acid is determined, the sol-gel PZT
gelation time will dramatically increase as the amount of water increases. Although it is true
that at early stage water can also react with zirconium propoxide and titanium isopropoxide to
cause gelation, this behavior can be tuned by introducing acetic acid in advance [130]. That's
why the proper adding sequence of acetic acid and water must be strictly followed. Another
modification for elongating the gelation time is to pre-include extra amount of acetic acid. It is
experimentally proved that sol-gel PZT can hardly gel in a reduced pH solution. In general, as-
prepared sol-gel PZT can be stored for couple days without gelation if redundant DI water and
acetic acid are both present. The solution diluted by such mixed acidic water can also achieve a

lower viscosity.
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Given enough time, the sol-gel PZT will still turn from transparent to opaque which means
certain amount of precipitates or gel come out. This is believed as a result of non-stop
esterification reaction causing a reduction of solution acidity, because redundant acetic acid can
slowly but persistently reacts with propanol and isopropanol produced through hydrolysis
reaction and gradually form ester and water. In order to maintain a low pH value, lactic acid
(CH;CHOHCOOH, 85% w/w, Sigma®), a much stronger acid, should be dripped in to stabilize the
solution. Glycerin (CH,OHCHOHCH,0H, 99.9%, Fisher Scientific®) and ethylene glycol
(HOCH,CH,0H, J. T. Baker®) are also sequentially added at last to enhance the sol-gel PZT
mechanical properties. It is observed from the experiment that thin film derived by sol-gel PZT
with these two additives likely provides much better film elasticity and has lower tendency to

crack.

Finally, before applied on thin film deposition, the prepared sol-gel PZT should be vial-
sealed and empirically aged for three days to reach its equilibrium state with a light yellow color.
A pH test result for such solution should fall in the range of 4.0 £ 0.5 all due to the existences of

remaining acetic acid and lactic acid.

2.3.2 Sol-Gel PZT Modification

Ideally, the recipe for sol-gel preparation should work smoothly. However, from repeated
experiments we do find some quality variations. Many factors could be responsible for the
results. Although quantities of each involved chemical is pre-calculated, measurement error and
chemical transfer loss often bring the variance. Also, many other preparation sub-steps such as
initial solution water removal, sol-gel filtering, and particle aggregation are all headache
problems and can hardly be precisely controlled. For these reasons, sol-gel PZT modification is

carried out for targeting the recipe repeatability and simplification.
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Figure 2.22: Original setup for sol-gel PZT preparation.

As mentioned previously, in the first step when lead acetate dissolves in glacial acetic acid,
solution is thermally treated to remove the water. Considering the boiling points for water and
acetic acid are 100 °C and 117 °C respectively, 110 °C sitting in the middle is empirically set for
water removal. Unfortunately, this stable dehydration temperature is very difficult to reach.
During the preparation illustrated in Figure 2.22, beaker on the hot plate only receives bottom
up heating which induces solution temperature ununiformity. Hot plate rapid heating can also
cause overshoot and transient temperature difference inside beaker. Moreover, surrounding air
flow in the fume hood will lead to a fast heat dissipation in solution. Under these circumstances,
lots of efforts are made to minimize the temperature influence. For example: First, the beaker is
either wrapped circumferentially by aluminum foil (Figure 2.23 (a)) or placed in silicon oil bath
to receive uniform thermal condition (Figure 2.23 (b)). Second, Parafilm® is fully covered on top
of the beaker to prevent water vapor absorption from open air and help keeping internal
temperature. Third, a temperature controller (Corning® CLS400188 or CLS6795PR) is deployed
for instant temperature adjustment, see Figure 2.23. These improvements are proved to be
effective, but their outputs may highly depend on operators' different manipulating skills. It is
quite understood that if such dehydration can be set free of thermal treatment, the process will

become much easier and independent of human error.
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Figure 2.23: Modified setup for sol-gel PZT preparation.

First attempt is physical modification. Molecular sieve (Type 3A, 8-12 Mesh beads, EMD™
Chemicals, Inc.) is one type of silicon oxide material containing tiny pores of a precise and
uniform size. It can be operated on molecular level to trap the substance without changing
solution composition. Water, for instance, has a much smaller molecule size than those of lead
acetate and acetic acid. When molecular sieve is presented, water molecules released from
trihydrate could be the only substance forced passing through the pores and retained within
them. Before use, molecular sieve need to be baking activated in the oven and furnace cooled to
around 35 °C. It is believed that molecular sieve is well functional under acetic acid and can
quickly absorb up to 99.9% of water from the solution. The improvement is simple but its
drawbacks are obvious. This is because dusts brought by oven activation are usually brought
into the acetum solution during molecular sieve soaking. They may cause unwanted chemical
reaction and form unexpected precipitates when mixture of zirconium propoxide and titanium
isopropoxide is later added. Moreover, contamination could happen due to the additional

requirement of filtering process for the sieve separation and the sol-gel collection.

Second attempt is chemical modification. Acetic anhydride ((CHsCO),0, J. T. Baker®) is a
clear and colorless liquid chemical with a sharp odor similar to that of acetic acid. As the name
indicates, acetic anhydride is a compound that is commercially prepared by dehydrating acetic

acid at 800 °C according to
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2CH,COOH —%€ 4(CH,C0),0 + H,0 (2.14)

This reaction has tendency to reverse the direction since acetic anhydride can simply hydrolyzes

in water to yield acetic acid under room temperature. Because it reacts with water, through

(CH,C0),0+ H,0 — 2CH,COOH +800°C (2.15)

we could use acetic anhydride as a dehydration agent in reaction mixtures where removal of
water is necessary. This improvement is fairly efficient and quite repeatable, but hydrolysis
reaction inevitably creates extra amount of unnecessary acetic acid. From Section 2.3.1, plenty
of acetic acid will enhance alcohol esterification and chain-affecting hydrolysis and condensation
to destroy sol-gel. For this reason, either acetic acid evaporation or water addition has to be
used for makeup. However, the former takes too much time to physically remove excessive
acetic acid, and the latter can chemically balance esterification but dramatically lower the final

solution viscosity and concentration.

Other modifications are focused on sol-gel finalizing such as solution filtration and particle
segregation. Dusts, large aggregated particles, and precipitates are often contained in the
prepared sol-gel PZT. Previously filter paper is used for solution filtration; see Figure 2.24 (a).
This method forces sol-gel penetrate the pores on the paper only under gravity and usually
takes several hours. When a syringe (BD 30 ml, Luer-Lok™) combined with MF-Milipore MCE
Membrane (0.22 um, 150 psi (10 bars), Millex®GS) at tip is adopted, sol-gel will be quickly
injected through the membrane by applying external pressure; see Figure 2.24 (b). Thus, the
infiltration process can be effectively shortened to within half hour. Finally, 20 minutes
ultrasonic is applied to vial-bottled solution for fine particle segregation. Experiment results
confirm that sol-gel undergoes this step can retain good condition during relatively long term

storage.
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Figure 2.24: Modified setup for sol-gel PZT filtration.

2.3.3 Sol-Gel PZT Analysis

Even strictly following the same procedure, quality variances are often observed in sol-gel
PZT prepared through individual batch. Usually, a satisfied sol-gel PZT may arbitrarily be
determined by simple clues, for example, appearances such as color, transparency, and viscosity.
No wonder, these are not scientific criteria for material qualification judgment. For decades, X-
ray diffraction (XRD), a non-destructive analytical technique, is popularly elected for intensive
material analysis, because it can easily reveal material information about crystallographic
structure, chemical composition, and physical properties. In order to be inspected under XRD,
sol-gel PZT must be converted from liquid to solid state by coating (dip-coating or spin-coating)
and firing in advance to form consolidated thin film on selected substrate. The film is then
exposed under incoming X-ray and measured for beam scattered intensity (counts) in terms of
incident and scattered angle (26), polarization, and wavelength or energy. Figure 2.25 illustrates
the setup of a typical XRD (Bruker AXS D8 FOCUS Diffractometer) while its inspection results for
sol-gel PZT prepared from different batches are group listed in Figure 2.26. The sol-gel PZT

analysis obeys material standard analyzing procedure and is described as follow.
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Figure 2.25: Setup of a typical XRD
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Figure 2.26: XRD inspection results sol-gel PZT prepared from different batches

Crystallographic Structures Verification

Controlled by solution stoichiometric ratio, the obtained PZT film sintered from sol-gel is
expected to be crystallized Pb(Zrgs,Tig4s)O0s. Through XRD inspection, the scattered data is
decoded by Jade Software™ and compared with reference database [131] for peak location and
intensity verification; see Figure 2.27 and 2.28. Such step is preliminarily used for quick

verification of the presence of expected PZT crystal structures.
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Figure 2.27: X-ray beam scattered intensity vs. incident and scattered angle (29) plot for sintered

sol-gel PZT
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Figure 2.28: XRD inspection data curve superimposed with Pb(Zrq s, Tig43)O;3 reference database

Chances are that XRD inspection data curve is sometimes not perfectly aligned with
reference database. This is quite common for many possible reasons. One could be different
phases exist in the PZT film. It is not necessary that sintered sol-gel PZT yields crystal structure,
more often, as pointed out in Figure 2.29, amorphous PZT can be formed as a byproduct and
contributes extra peaks. Merged double peaks or multi peaks should be responsible for another
reason. Although with different intensity, Jade Software™ tends to treat them as one when
these adjacent crystal PZT peaks stay too close to each other; see Figure 2.29. Other reasonable
possibilities could be peak shift, either equal shift or random shift. Equal peak shift is usually
caused by XRD equipment lacking of periodic system calibration. Random peak shift is due to
the difference of crystal structure lattice model between sintered sol-gel PZT (monoclinic,
rhombohedral, or tetragonal) and ideal model (cubic) from standard database; see Figure 2.30.
All these need careful considerations and should be sorted out from crystallographic structures

verification.
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Figure 2.29: XRD inspection data curve with amorphous PZT and crystal PZT multi peaks
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Figure 2.30: Possible crystal structure lattice model for PZT. (a) monoclinic, (b) rhombohedral, (c)

tetragonal, and (d) cubic.

Chemical Compositions Identification

Even XRD inspection data curve for sintered sol-gel PZT is well aligned with reference
database, it is still hard to determine whether the right compounds are obtained or not. Peak
normalized percentage area is a quite useful tool for further identification of chemical
compositions. After peak search and decomposition process illustrated in Figure 2.31, Jade
Software™ will provide percentage area of each found peak that normalized respect to the
largest peak. In the example case, fourteen peaks of sintered sol-gel PZT are identified through
XRD within angles (28) from 10° to 90°. Their percentage area values corresponding to specific
angles are listed in Table 2.15. In the meantime, such values of those from reference database
are also presented. Similarity comparison between these two datasets will finally confirm the
previous expectation. In our case, the results show pretty good agreements which indicate the

right compounds formation of PZT are achieved.
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Figure 2.31: XRD inspection data curve after peak search and decomposition process

Table 2.15: XRD inspection data for PZT peak percentage area

Angle 26 Peak Height Percentage Peak Area Percentage

(deg) (Count) Height (H%) (No Unit) Area (A%)
21.719 299 11.9 120.7 10.4
28.658 120 4.8 97.8 8.4
30.880 2510 100.0 1164.6 100.0
38.137 309 12.3 143.1 12.3
39.861 1451 57.8 467.8 40.2
44.240 507 20.2 325.4 27.9
46.401 137 5.4 27.6 2.4
49.678 99 3.9 72.8 6.3
55.000 668 26.6 512.5 44.0
64.420 231 9.2 183.8 15.8
67.717 74 3.0 22.3 1.9
72.999 141 5.6 120.5 10.3
81.443 142 5.7 83.0 7.1
85.920 269 10.7 134.0 11.5

Physical Properties Determination

This final step is for material quality purposes. Two physical properties are required to be

determined which are PZT grain size and lattice constant.

PZT grain size, often refers to as crystal diameter for single crystal material, is conducted for
determining PZT quality since larger PZT grain size usually provides better piezoelectric

performance [132,133]. Its value can be generally calculated from

0.94

- 77" (2.16)
B x cos(6)
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where t, A, B, and ¢ are the diameter of the PZT crystal, the wavelength of X-ray source, peak full
width at half maximum (FWHM), and X-ray incident angle, respectively. Since the operated XRD
(Bruker AXS D8 FOCUS Diffractometer) adopts Cu Ko, X-ray source whose wavelength is 1.54059

A, Equation (2.16) can be modified to

. 1386531

= (2.17)
B x cos(6)

For this case, the largest peak of crystal PZT is found at angle 20 of 30.880° in Table 2.15 where
its FWHM listed in Table 2.16 is 0.394 rad. From Equation (2.17) the PZT crystal diameter is

calculated to be 23.493 nm.

Table 2.16: XRD inspection data for PZT FWHM and d-spacing

Angle 26 FWHM Plane Indices d-Spacing Reference d-
(deg) (rad) (Imn) (A) Spacing (A)
21.719 0.0060 001 4.0885 4.1097
28.658 0.0121 N/A 3.1124 N/A
30.880 0.0069 101 2.8933 2.8865
38.137 0.0069 111 2.3578 2.3515
39.861 0.0048 N/A 2.2597 N/A
44.240 0.0095 002 2.0457 2.0549
46.401 0.0030 N/A 1.953 N/A
49.678 0.0109 102 1.8337 1.8329
55.000 0.0114 112 1.6682 1.6702
64.420 0.0118 202 1.4452 1.4432
67.717 0.0045 003 1.3826 1.3699
72.999 0.0127 103 1.2950 1.2978
81.443 0.0087 222 1.1807 1.1758
85.920 0.0074 203 1.1303 1.1351

Lattice constant is the parameter accepted as constant distance between unit cells in a
crystal lattice. Three dimensional lattices acquire three lattice constants, but in the special case
such as cubic crystal structures all constants are ideally equal (Figure 2.30(d)) and can be

calculated through

a=d,, xVI*+m?+n? (2.18)

where a, d.,, I, m, and n are lattice constant, d-spacing, and plane indices in Cartesian

coordinates along x, y, z directions, respectively. For this case, d-spacing for each peak of crystal
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PZT is determined by Jade Software™ from Figure 2.32 and they are listed in Table 2.16 together
with reference values for comparison. Moreover, internal calculation also provides a set of plane
indices for each corresponding peak; see Figure 2.33. Since only the largest peak of crystal PZT is
interested, its plane index is found to be <101> which indicates /, m, and n are 1, O, are 1,
respectively. Applying Equation (2.18), the calculated lattice constant for the sintered sol-gel PZT
is 4.092 A (such value from reference database is 4.082 A). This result fairly agrees with that of

typical Pb(Zro.s,Tio.s)Os Which has a value of 4.036 A [100].
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Figure 2.32: d-spacing values for each peak of crystal PZT

6, 7 A B M ke & X el
o s T . +0 ss son P

/

| ] |
tﬂ.‘ '}.?«M ‘

Figure 2.33: Plane indices for each peak of crystal PZT

So far, a satisfied sol-gel PZT with proper chemical composition and potential good quality

in sintered thin-film PZT is proved to be accomplished.
2.4 Thin-Film PZT

Thin-film PZT deposition is one of the key processes throughout the whole fabrication,
simply because its yield has a strong impact on the performance. Although hard works from
previous researchers provide a guideline, the evolution of the process never ends. It is observed

that even strictly follow the provided recipe a high product yield may not be one hundred
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percent guaranteed. This is because there are still many uncertainties could be involved during
the process to cause unrepeatable results. The section will first begin with a brief introduction
to several current available techniques for PZT deposition. After that, a more detailed
description of sol-gel derived PZT is elaborated step by step. In the meantime, some major
possible defects brought by the technique are deserved to be emphasized and extensively
discussed. After numbers of pertinent improvements, it is now confident to claim that we are

able to achieve a three-coating, uniform, and crack free thin-film PZT on a 3 inches wafer.

2.4.1 Deposition Techniques

According to the different usages, PZT material is usually fabricated in terms of thin film (up
to 1 um), thick film (up to 100 um), and bulk (up to 1 mm). In the past few decades, a lot of
research effort has been devoted to make PZT fabrications compatible with standard MEMS
processing as well as improving the PZT properties. Today, there are only four major approaches
widely adopted: screen printing deposition (SPD), physical vapor deposition (PVD), chemical

vapor deposition (CVD) and chemical solution deposition (CSD).

SPD is a traditional technique of fast depositing films with thickness in the range from 10
pm to 100 um. In many MEMS applications, devices require PZT films up to tens of microns for
high resonance frequency and high voltage sensitivity [134]. Most modern techniques have
limitations of depositing PZT with large thickness. For this reason, SPD becomes a preferred
simple and convenient method for getting PZT thick films [135,136]. However, the PZT thick
films fabricated through this method has significant drawbacks. Printed PZT thick films can
hardly avoid high structure porosity. Such porosity will inevitably cause a low e;; f coefficient and

eventually leads to a decreased charge sensitivity [134].

Sputtering deposition as one type of PVD is a mature technique used to coat thin films of a
material onto selected substrate. When sputtering ions, typically argon ions, are created, they
will accelerate into the target and knock out the material. The target material is ejected in the
form of neutral particles and travel in a straight line until they reach the coating substrate.
Through intensive researches, many advantages of sputtering deposition prove it to be an
efficient and stable method for PTZ thin films fabrication, especially on a very large substrate (8
inch silicon wafer) [137]. First, it can ensure the PZT good uniformity, reproducibility and high

density [138]. Second, it can enhance the PZT thin films adhesion on the substrate. Third, it will
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maintain coated PZT material composition close to that of the target. However, it is also noticed
that during the sputtering deposition the inert sputtering gases are easily built into the growing
thin films and cause PZT impurities [139]. With such imperfection, the researchers have to pay

extra attention to identify the sputtering conditions.

Metalorganic chemical vapor deposition (MOCVD) is a newly derived CVD technique and
has been widely used for high brightness light emitting diodes (LEDs) manufacturing recently.
The feasibility investigation of MOCVD for PZT thin films fabrications never stops, because many
preliminary results show that it can be a possible good substitute. During the PZT fabrication
process it can flexibly control the Zr/Ti ratio by adjusting each precursor tempe