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Abstract

During the past several decades, PZT (Pb(Zr,T1)O3) thin films were given
extensive attention for their potential as sensors and actuators in microelectromechanical
systems (MEMS) due to their excellent piezoelectric properties. However, for thin films
deposited on much thicker substrate, the piezoelectric response is influenced by the
substrate clamping, which deviates PZT properties compared with bulk materials.
Therefore, to optimize the performance of PZT thin film for a MEMS device, a
comprehensive understanding of the clamping effect of substrate on PZT thin films is
extremely pertinent.

This study investigated the effects of substrate on Pb(Zrgs;Tig4s)Osfilms. To
begin with the effects of structural layer on the mechanical and electrical properties of
PZT film were investigated by varying film thickness and changing types of substrate.
The PZT films were deposited by a sol-gel method on platinized silicon substrates, where
silicon nitride and silicon oxide were used as a structural layer. The mechanical
properties of PZT films were characterized by nanoindentation. Electrical properties as a
function of film thickness and layer material were investigated. Residual stresses in PZT
films were also characterized by Raman spectroscopy. The measured mechanical
properties of PZT films on two types of substrate indicate that the structural layer has a
significant influence on the obtained Young's moduli of PZT films. The PZT on SiNx-
based substrates presented higher values than PZT on SiO;-based substrate throughout

the whole indentation depth. The substrate effect on film hardness, however, was
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negligible since a hardness value of around 8.8GPa was measured for both PZT on SiNx-
and SiO;-based substrates. Significant influences of film thickness and substrate type on
electrical properties were not observed for the investigated thickness range of the PZT
films.

To study the true orientation effect on the mechanical properties of oriented PZT
films, a new model of thin film indentation was developed and used to deconvolute the
effects of film orientation and structural layer on the Young’s modulus. The results
indicated a clear substrate effect and the new model was able to extract the true film
modulus from the measured flat region values. The moduli for (001) and (111)-oriented
PZT film are about 159 GPa and 149 GPa, respectively.

The electrical and piezoelectric properties of fabricated PZT cantilevers with
varying Si thickness were also measured and analyzed. As expected, a smaller thickness
of Si substrate resulted in high polarization, dielectric and piezoelectric constants,
probably due to the change of the residual stress condition. A model was developed to
predict the residual stress in PZT cantilevers. It was found that varying Si thickness
resulted in different residual stress conditions in the released PZT cantilever, thus leading

to different electrical and piezoelectric properties of the devices.
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Chapter 1 Introduction

1.1 Motivation

In recent years, there has been a growing interest in the field of microelectro-
mechanical systems (MEMS) due to a strong requirement of miniaturization for higher
performance devices with improved thermal management, reduced energy and materials
consumption as well as cost advantages [1-3]. Since silicon has good mechanical
properties, a relatively large band gap (1.12eV), and good processability, it is the most
widely used semiconducting material in the MEMS field. Therefore, early MEMS devices
were based on silicon to construct a wide range of devices; however, the need for
flexibility in device design and performance improvement has motivated the development
of new concepts, techniques, and new materials.

One of the avenues is to integrate functional materials into MEMS devices, which
allows them to cover an entire range of physical phenomena. Among those functional
materials, piezoelectric materials are of primary interest because they can directly provide
an electro-mechanical conversion and are useful for many kinds of motion sensors,
actuators, ultrasound and acoustic devices due to large motions with low hysteresis and
high energy densities [4, 5]. An important family of piezoelectric materials are
ferroelectric materials such as Pb(Zr<Tix)O3(PZT), PbMg;3Nb,;303-PbTiO; (PMN-PT),

BiScO;-PbTiOs; and so on due to their large piezoelectric coefficients and



electromechanical coupling coefficients [6]. Such properties are of considerable
importance in reducing the drive voltage or increasing the speed/sensitivity of a device.
In comparison with commonly used piezoelectric materials such as ZnO and quartz,
ferroelectric materials, PZT is known to have more than one order of magnitude larger
piezoelectric coefficients. Furthermore, its properties can be easily tailored by controlling
the composition between Zr and Ti [5, 7]. Therefore, PZT films are widely investigated
in piezoelectric-based microelectromechanical systems [6, 8].

PZT films in a MEMS device are mechanically clamped by a massive substrate as
shown in Figure 1-1, which deviates piezoelectric response of the films compared to bulk
materials. The influence of film thickness, composition, and orientation on the
piezoelectric properties of PZT films has been intensively investigated in literature, but
the substrate effects on the electromechanical properties of PZT films still remain poorly
understood due to complicated geometric constraints and the anisotropic nature of
piezoelectric materials. Therefore, it is essential to investigate the effects of substrate
clamping on piezoelectric properties of PZT films to construct highly functional

piezoelectric MEMS devices and understand the scaling effects of piezoelectric materials.

1.2 Two main aspects in the substrate effects of PZT films

1.2.1 Mechanical properties of PZT films

It is well known with the PZT film structure that piezoelectric properties are

dependent on the material’s mechanical properties [9, 10], due to the plane stress state.



Moreover, delamination, cracking or brittle fracture, and fatigue degradation of PZT
composite structures are directly related to mechanical behaviors [11-13], which should
be understood for proper design of the structure to prevent failures under large strain
conditions. Therefore, the scaling effects of PZT films’ mechanical properties must be

determined for the optimization of piezoelectric MEMS devices.

top electrode  pissoalectric thin fil
0, E5
B3 bottom electrode
o External load
or displacement
strain ¢,

|
L

Figure 1-1 Laminated PZT/Si deflecting structures used in piezoelectric MEMS: bridge,

cantilever and suspended membrane.[1]

1.2.1.1 Geometric constraint due to substrate

Among the methods used to characterize the mechanical properties of films such
as impulse acoustic method, micro-beam cantilever deflection technique, atomic force
microscopy etc. [14, 15], the nanoindentation technique can exhibit high sensitivity

without requiring the removal of the film from its substrate; however, experimental
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results of the film usually include information on both film and substrate. Thus, it is not
trivial to extract the true mechanical properties of PZT films. The substrate effect must be
understood to distinguish the individual contributions of film and substrate to measured

mechanical properties.

1.2.1.2 Orientation of piezoelectric films

PZT films can form in a textured or oriented crystalline direction by combined
mechanisms of preferred nucleation and growth kinetics. Nucleation of a crystal on a
substrate is usually the dominant factor or rate determining step since the energy barrier
for such nucleation is much higher than the activation energy for growth[16]. Since
heterogeneous nucleation on a substrate typically occurs during PZT film fabrication, the
film can be textured when there is lattice matching between the substrate and a specific
PZT plane. For example, (111) oriented PZT films are commonly obtained on (111)
oriented platinized silicon substrates with Ti adhesion layers [12, 17, 18]. If lattice
mismatch between PZT and substrate occurs, it was considered that a (100) texturing may
dominate. Due to charge considerations, the (100) face has the lowest surface energy and
will act as the fast growth direction [19, 20]. Thus, if PZT continues to nucleate
heterogeneously on a substrate, (100) crystallites will be dominant due to their fast
growth kinetics [20].

Properties of a PZT film are anisotropic due to crystalline orientation. Therefore,
the control of crystalline orientation tailored by processing conditions, microstructures,

composition and their electromechanical response in PZT films have been studied



intensively. However, the crystalline orientation dependence of PZT films on
nanomechanical properties has rarely been investigated [12, 17, 18]. Since highly
oriented crystalline films are required for piezoelectric MEMS devices to obtain designed
electromechanical properties, it is necessary to investigate the orientation effects on the

mechanical properties of PZT films.

1.2.2 Electric properties of pMEMS structure with varying Si thickness

MEMS typically cover the following components: mechanical microstructures,

microsensors, microactuators, and microelectronics [21], as shown in Figure 1-2.

>

Microactuators

Microstructures

Microelectronics
A
¢

i

N
;
Ld

Figure 1-2 A schematic illustration of MEMS components and their interconnection
MEMS have broad applications such as motion sensors, pressure and force
sensors, small actuators as well as a number of acoustic and ultrasonic devices, among
others [22]. In the past 20 years, MEMS technology has achieved significant progress
through the introduction of a variety of functional materials including piezoelectric
material. This material has attracted the most attention because it provides a range of

advantages such as fine resolution, large force generation, fast response time, zero



magnetic fields, low power consumption, vacuum and clean room compatibility and the
ability to operate at cryogenic temperatures [23]. Unfortunately, during the fabrication of
PZT films, residual stress may be induced upon cooling due to structural and thermal
mismatch between the film and the substrate. Such residual stress could lead to cracking
or delamination of the structure, thus degrading the performance of the devices [24].
Although different methods such as controlling composition, texture, thickness and
poling condition have been tried to compensate for residual stress, the substrate effect on
the residual stress distribution is rarely reported. With backside etching of the substrate,
i.e. variation of Si thickness, the device may experience relaxation due to the released
constraint from the substrate [25]. Since the change in mechanical constraint from a Si
substrate can influence the electromechanical properties of PMEMS devices, it is
necessary to investigate Si thickness dependence on the properties of piezoelectric

devices.

1.3 Research objective and dissertation structure

1.3.1 Research objective

The objective of this work is to perform a systematic investigation on the

substrate clamping effects of ferroelectric films and freestanding ferroelectric MEMS

structures (PZT cantilever in this work) by addressing both experimental and analytical

methods. To accomplish this goal, research will be conducted in the following aspects:



1) The influence of substrate type on the mechanical and electric properties
of PZT films is investigated. PZT films with different thicknesses and orientations
will be deposited onto two kinds of platinized Si substrates. The mechanical
properties of the films will be measured by nanoindentation and the experimental
results will be analyzed based on a modified discontinuous elastic interface
transfer model. The corresponding electric properties of the PZT films will also
be characterized.

2) The influence of Si substrate thickness on the electromechanical properties
of PZT cantilevers is studied. PZT cantilevers will be designed and fabricated.
The thickness of Si substrates will be controlled by varying the backside etching
time through Dry reactive ion etching (DRIE). An analytical solution will be

given to predict the change of the properties of PZT cantilevers.

1.3.2 Dissertation structure

This dissertation consists of six parts. Chapter 1 introduces the motivation and the
research objective. Dissertation structures are given in this chapter as well.

Chapter 2 gives the theoretical background, including backgrounds on
piezoelectricity and piezoelectric materials. The development of analytical solutions for
determining the mechanical properties of films are reviewed and current research about
investigating the mechanical properties of PZT films are introduced as well. Finally, PZT

MEMS devices and fabrication backgrounds are summarized.



Chapter 3 presents the process for fabricating PZT films on different substrates
and the measurement of mechanical and electrical properties of the obtained PZT films.
In this chapter, the substrate effect is discussed in detail.

Chapter 4 studies the orientation effect on the mechanical properties of PZT films
on SiO; and SiNx -based substrate. A modified discontinuous elastic interface transfer
model was employed to extract the true orientation effect.

Chapter 5 investigates the influence of varying Si substrate thickness on the
electrical and piezoelectric properties of the PZT cantilevers. A numerical model was
developed to predict the residual stress distribution in the PZT cantilever.

Chapter 6 describes the overall conclusions and suggested work for the future

study.



Chapter 2 Literature Review

2.1 Piezoelectricity and piezoelectric materials

Piezoelectric materials are at the heart of the piezoelectric MEMS devices
(sensors or actuators). An understanding of the development of crystal structure,
microstructure, and properties of these materials is necessary for the structural design and
process integration of piezoelectric MEMS devices. In this section, piezoelectric
materials are reviewed, beginning with a short description of piezoelectricity in general,
followed by the introduction of common piezoelectric material and their properties

structure and lastly, Lead Zirconate Titanate (PZT).

2.1.1 Piezoelectricity

Piezoelectricity is a material property that linearly relates applied stresses to
induced dielectric displacements (direct piezoelectric effect) or applied electric fields to
induced strains (converse piezoelectric effect). The direct piezoelectric effect has been
widely applied to various sensors design, such as accelerometer, pressure sensor etc.
While different actuators, for instance, piezoelectric motors, utilize the converse

piezoelectric effect to convert electrical energy into a mechanical displacement or stress.



The constitutive equations that describe above two effects in regard to electric and

elastic properties are [4, 9]
X = dijk E or O =€k Ei  (converse effect) (2-1)
D, = dijko- jk or D, = eiij i (direct effect) (2-2)
where o, X, E, D, are the stress, strain, electric field and electric displacement,
respectively. d and e are the piezoelectric coefficients.

Since film materials are usually used in a composite structure, which is different
from bulk materials, the total elastic properties are often dominated by the other part of
the structure such as layer components (silicon oxide, silicon nitride etc). Therefore, the
solution of the equations of state will be necessary to explain piezoelectric response
resulting from substrate clamping. Equation (2-3) and (2-4) are defined as the
piezoelectric constitutive equations which relate the electric and elastic variables of a

piezoelectric materials [9, 26].

Xj = SijEklo'kl +d; B, (2-3)

D, =d,o4+ eij“ E (2-4)

j
i, j,k,1=1,2,3, where SinEH R dikl ,6}}‘ represent, respectively, the compliances (at constant

electric field), the piezoelectric coefficients and the dielectric constant (at constant stress).
The number of unique coefficients in Equations (2-3) and (2-4) depends on the symmetry
class of the materials. For a polycrystalline film, the symmetry can be expressed as comm
(equivalent to a six fold symmetry axis). The relevant equations in this case are:

X, =S50, + S50, + S50; +d,,E; (2-5)

E E E
X, =80, + 8,0, +850; +0; E; (2-6)
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X, =S5(0,+0,)+ 5504, +d,,E, (2-7)
D,=¢E, +d, (0, +0,)+d,,0, (2-8)

For the measurement of the piezoelectric properties of films, one has to keep in
mind that the film is always clamped to a substrate. Therefore, the piezoelectric
coefficients obtained from the measurement are effective coefficients. For the inverse
effect, with no applied stress (o, =0), the ratio of the elongation in length (Al) to the
applied voltage V can be written as

ALV =(x,/ Ey)=dy; +55(0, +0,)/ E; (2-9)

As the film is clamped to a much thicker substrate, the displacements in axes 1

and 2 are not allowed and therefore X, = X, =0. We also assume that the substrate is the

dominant element and that it is isotropic, then o, =0, due to symmetry reasons. By
combining Equation (2-5) to (2-9), we can obtain:
X, =(s;+s5)o, +d; E; =0
—~dy,Ey = (55 +85)0 >0/ E; =—dy, /(s +55) (2-10)
dy; ¢ =AI/V =dy;—2d,,85 /(85 +5p) (2-11)
Equation (2-11) gives the effective d,, value. From Equation (2-10), the effective €,
value can be obtained:
&, =0/Ey=—d; /(s +55) (2-12)
Both effective coefficients can be measured directly and are very important for

predicting piezoelectric response of devices.
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2.1.2 Piezoelectric materials

In the past years, numerous researches were conducted to develop piezoelectric
material since Jacques and Pierre Curie brothers discovered the piezoelectric effect. Till
now, different types of piezoelectric materials have been available such as single-crystal
or highly oriented polycrystalline ceramics (e.g. zinc oxide and quartz), organic crystals
(e.g. ammonium dihydrogen phosphate or ADP), poled polycrystalline ceramics (e.g.
lead zirconate titanate, PZT), and polymers (e.g. polyvinylidiene fluoride or PVDF), as
shown in Table 2.1.

Table 2.1 Properties of some piezoelectric materials

Material d31(pC/N) ds3(pC/N)
ZnO( thin film) -5.1[27] 10.5~11.5 [28]
Quartz(Single crystal) - 2.3[29]
PVDF(Oriented film) 28 [30] 20 [31]
ADP(Single crystal) d3¢=48 [30] -
AIN(thin film) -2 [32] 4[32]
PZT(polycrystalline) -190~-320 [33] 390~650 [33]
PZT(thin film) -30~-110 [34] 190~250 [28]

From this table, we can see that PZT has higher piezoelectric constants for MEMS
devices where the application requires larger displacement under certain applied electric
field or vice versa. Therefore, with the increasing desire of miniaturization of electronic

devices, PZT material attracts most intensive attention by providing design versatility
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and performance advantages over both single phase ceramic and polymer piezoelectric
materials in both sensing and actuating applications [35].

PZT materials have the perovskite structure (ABOs) in cubic, tetragonal,
rhombohedral, and orthorhombic forms, depending on the temperature and composition,

as shown in the Figure 2-1 [30].

500

400 |

Tetragonal

Rhombohedral
izh temp form)

Orthorhombic

Rhombohedral 1 0.8 0.6 0.4 0.2 0
(low temp form) phzr0, < X PbTiO4

Figure 2-1 Phase diagram for the PbZrOs-PbTiO; system
PZT at room temperature is a solid solution of lead titanate PbTiO; and lead
zirconate PbZrO;. This solid solution gives the communally named PZT (Lead Zirconate

Titanate). Its crystal structure above the Curie temperature has a cubic unit cell (Figure 2-

2).
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Figure 2-2 Perovskite crystal structure of paraelectric PZT above its Curie temperature

The structure can be considered as a face-centered cubic derivative structure in
which the larger Pb cation and oxygen anion together form a face-centered cubic lattice.
The smaller Ti and Zr cations occupy the octahedral sites in the face-centered cubic array
and have only oxygen anions as their nearest neighbors. When the crystal is cooled down
through its Curie temperature, it undergoes a phase transition from the cubic paraelectric
(Pc) state to ferroelectric state. A spontaneous polarization occurs because the oxygen
and titanium ion are shifted relatively to the lead ions. The distortion of the lattice is
rhombohedral (Fr) for zirconium-rich compositions and tetragonal (Fr) for the titanium-

rich compositions (Figure 2-3).
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Figure 2-3 Perovskite crystal structure of rhombohedral (Fr) and tetragonal (Fr) PZT
In the case of the tetragonal distortion, six equivalent directions for the
polarization can occur, whereas eight are possible in the rhombohedral case. At the
morphotropic phase boundary (MPB), both phases coexist since they have an equal
probability to form. This leads to fourteen different possibilities for the direction of the
spontaneous polarization and thus to a peak of the piezoelectric and dielectric properties.

At room temperature, the MPB is situated at ~53% Zr.

2.2 Mechanical properties of thin film

Mechanical properties are the response of a material to an externally applied load,
such as elasticity, compressivity, tensile strength, deformability, hardness, wear
resistivity, brittleness, cleavability, etc. The mechanical properties depend on the
chemical bonding and the crystal structure. Anisotropic mechanical properties appear in
crystals with non-cubic structures because of the directionality of the atomic bonding and
their arrangement in a crystal. For bulk materials, testing methods to determine
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mechanical properties are well established, such as tensile testing for strength, elasticity,
and ductility; impact test for impact resistance and toughness; Rockwell, Brinell, or
Vickers test for hardness [36, 37]. However, the mechanical properties of films may be
quite different from those of their bulk materials because of unique microstructure, large
surface-to-volume ratio, reduced dimensions, and the constraints caused by the substrate
[38, 39]. Therefore, the techniques for measuring the mechanical properties of thin films

are also different from those for bulk materials.

2.2.1 Techniques for measuring mechanical properties of thin film

As mentioned in the first chapter, mechanical characterization is essential for the
design and analysis of MEMS devices. As techniques to measure the mechanical
response of thin films, there are micro-tensile test [40-43], impulse acoustic method [44],
Brillouin light scattering [45], X-ray diffraction [46], substrate curvature technique [47-
49], and nanoindentation [11-15, 17, 18, 50-54].

In the micro-tensile test, tensile force is usually applied by piezoelectric motor
and the generated strain or displacement will be detected by laser-based interferometry.
The process has the following requirement:

1) A specimen film that attached on the Si substrate or die.

2) Resistance of the specimen material to the Si etchant.

3) Excellent adhesion between specimen material and substrate .

The micro-tensile can be a straightforward method to measure both Young’s modulus and

yield stress from thin films by using same general procedure employed for bulk samples
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at a much smaller scale [40, 43]. However, there are difficulty in clamping method and
avoiding bending in a sample, which limits its broader usage.

As far as the impulse acoustic method, Hurley et al. [44] developed laser-
ultrasonic methods to evaluate the elastic properties of thin films. They used broadband
surface acoustic waves (SAWs) generated by a line-focused, pulsed laser. Then the
SAWs were detected by a Michelson interferometer. Based on displacement waveforms
obtained from a range of source-detector separations, a dispersion relation for the phase
velocity vs. frequency was calculated. With a developed inversion algorithm, the
dispersion relation was employed to get the quantitative elastic-property information of
the thin films.

Djemia et al. [45] utilized Brillouin light scattering (BLS) to investigate the
elastic properties of polycrystalline and smooth fine-grained diamond films deposited on
a titanium alloy by a two-step microwave plasma-assisted chemical vapor deposition. In
the BLS experiment, a beam of monochromatic light is used as a probe to reveal acoustic
phonons in a medium. The power spectrum of this excitation is mapped from frequency
analysis of the light scattered within a solid angle by means of a multipass Fabry-Perot
interferometer. The acoustic modes confined within the film were then decided and the
elastic constants therefore obtained.

Shute and Cohen [46] used an X-ray diffraction method to determine the
mechanical properties of Al-2% Cu films on oxidized Si wafer substrate. They measured
the change of thermal residual stress, caused by the difference in thermal expansion
coefficients between the film and substrate with changing temperature. The yield

strengths of passivated samples were obtained at different film thickness. However, for
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some materials, the reduced temperatures may not be low enough to yield the samples.
Thus, this method will not be applicable for universal thin film system.

Bader et al. [47] used a substrate curvature technique to study the mechanical
properties of hot and cold sputtered Si or Cu-doped Al films on silicon wafer during
thermal cycling. The stress-temperature curves were constructed accordingly. However,
at elevated temperatures, annealing and recrystallization may occur in these thin films,
and consequently influences the yield strength of the films.

Compared with the above methods, nanoindentation technique can have the
following advantages:

1) High resolution [55]. (Depth Resolution <0.01 nm, Load Resolution 50

nN)

2) No need to remove the film from its substrate [15].

3) No extensive modeling to account for the anisotropy [17].

4) No special pre-treatment for the sample or experimental condition for

running the test.

Besides, the test results provide plenty of information on the elastic modulus,
hardness, strain-hardening, cracking, phase transformations, creep, fracture toughness,
and energy absorption. Since the deformation during the indentation process is very small,
the technique is applicable to explore the mechanical properties of thin surface films and
surface modified layers. Commonly measured properties using Nanoindnetation are
elastic modulus and hardness. Both can be measured as a function of depth of penetration

into the specimen surface, thus providing a depth profile of these properties.
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A schematic [56] and an image of a nanoindentation system were given in Figure
2-4 and 2-5. Figure 2-4 shows three basic components of the system: an indenter
transmitting the force with a specific geometry, an actuator to apply the force, a sensor

recording the indenter displacement. Figure 2-5 is the actual nanoindentation setup.

Forca
actuator

qﬂ

To electronics

Force, P

Machine

compliance, G, To electronics

Displacement
sensor

PR AR AR LR

Indenter
Displacement, h

\/

Figure 2-4 A sketch of nanoindentation system
Nanoindentation tests were performed using a nano-indenter with combination of
a continuous stiffness method (CSM) and static method. First of all, the sample which

will be fixed on the stage need to load in the chamber. Next step is to predefine and
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control loading path through the software, which determine the penetration of a diamond
tip in the sample material under test. During the indentation sequence, the applied load P
is continuously measured at the corresponding displacement h. Based on above processes,
load-displacement data P=f(h) is obtained from a complete loading-unloading cycle
yielding the elastic modulus, E, and the material’s hardness, H. A typical load-
displacement curve and the deformation pattern of an elastic-plastic sample during and
after indentation are shown in Figure 2-6 [57]. hy.x represents the displacement at the
peak load, Pyax. he is the contact depth and is defined as the depth of the indenter in
contact with the sample under load. hy is the final displacement after complete unloading.

S is the initial unloading contact stiffness.

Display and software- Data acquisition/ Nano indenter assembly
controlled units control units

Figure 2-5 Nanoindentation system for the measurement of mechanical properties of PZT

films
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Figure 2-6 (a) A typical load—displacement curve and (b) the deformation pattern of a

sample during and after loading
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The hardness is defined as the indentation load divided by the projected contact
area A of the indentation. From the load-displacement curve as shown in Figure 2-6, the

hardness can be calculated by:
H=-—mx (2-13)

The Sneddon's elastic solution for the indentation of an elastic half space by any
punch [58] related the contact stiffness S and the projected contact area A between

indenter and half space to the elastic properties:

S= 2,8\/EEr (2-14)
T

where [ is a constant determined by the geometry of the indenter ( f= 1.034 for a
Berkovich indenter). E, is the reduced elastic modulus which accounted for the elastic

behavior involved in both the sample and the indenter. It has the following form:

P (2-15)

where E and v are the elastic modulus and Poisson’s ratio for the sample, respectively,

and E;and v; are the elastic modulus and Poisson’s ratio of the indenter. For diamond, the

elastic constants E;jand v, are equal to 1,141 GPa and 0.07[50, 59].

2.2.2 The development of analytical solutions for determining the mechanical

properties of thin films

In 1992, Oliver and Pharr [60] proposed an analysis method to determine the

hardness and elastic modulus from load-displacement curves of indentation for bulk
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materials. In the method, the nonlinear unloading curve is described by a power law

(Equation 2-15) with empirically determined parameters:
P=B(h-h,)" (2-15)

where B and m are empirically determined parameters.

The contact stiffness S is calculated by differentiating the power law function.

S= [d—Pj =Bm(h_ —h)™" (2-16)
dh ),
The projected contact area is a function of the contact depth for an indenter with a
known geometry. The area function for a perfect Berkovich indenter can be expressed as:
A, =24.56h? (2-17)
Since the indenters are not perfectly sharp in practical use, the area function needs
to be calibrated as the following expression:

A, =24.56h} +C,h! +C,h/* +C,h/* +.--+ C,h!"*® (2-18)
where C; through Cg are constants. The first term accounts for a perfect Berkovich
indenter, the others describe deviation from the Berkovich geometry due to blunting of
the tip.

The contact depth can be estimated as:

P
h =h-eg— 2-19
: 3 (2-19)

where ¢ is a constant decided by the indenter geometry (&=0.75 for a Berkovich
indenter).
The Oliver-Pharr method was initially developed for exploring mechanical

properties of bulk materials, not for films on substrates. Therefore it does not include any
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information about a possible substrate. However, the Oliver-Pharr method is frequently
used by researchers to investigate the approximate mechanical properties of thin films
without considering the possible effect of substrate on the measurement. The accuracy of
the measurement results by directly using this method depends on the film and substrate
properties as well as the ratio of the indentation depth to the total film thickness.
Generally, the introduced inaccuracy caused by the substrate effect increases with
increasing indentation depth and elastic mismatch between film and substrate [61-63]. An
often-used guideline to minimize the effect of the substrate on the measurement is that
the substrate effect is negligible if the indentation depth is less than 10% of the film
thickness [64]. In most cases, this rule of thumb is applicable. However, when the film is
very thin or the elastic mismatch between film and substrate is large, applying this rule
may result in inaccurate results. Evidently other methods must be developed for dealing
with the substrate effects.

Numerous investigators have used different approaches to study the substrate
effect for extracting ‘true’ film properties from nanoindentation of film/substrate
composites. King [65] modeled the elastic indentation of a layered half space with
numerical method. Indenters with three different geometries (sphere, square and triangle)
were employed in the calculation. The solution related the effective indentation modulus
of the composite structure to the indentation depth and the indenter size normalized by
the film thickness. A function a of the indentation depth to film thickness ratio was also
constructed, reflecting the substrate effect. Unfortunately, his model didn’t give a clear

solution for exploring the thin film modulus value.
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Gao et al. [66] employed an approximate first-order perturbation method to
calculate the thin film young's modulus. The reduced modulus of the film/substrate
composite system was determined in closed form as the weighted average of the
indentation moduli of the film and the substrate, as shown below:

E=E, +(E,-E,) O (2-20)
where @ is the weighting factor depending on the ratio of film thickness and contact

area radius.

@zzarctan(x)+ !

Vs 2(1-v) (-2)

1+ X X
|:(1—2V)X11’1( % )_1+X2}

Gao's model, however, becomes increasingly inaccurate as the elastic mismatch
between the film and the substrate increases [67]. With a slight modification of the
expression, the accuracy of Gao’s model for the reduced modulus could be improved [68].

Saha and Nix modified King’s results in order to analyze elasto-plastic
indentations performed with a Berkovich punch [63]. In the analysis, they replaced the
film thickness in King’s model with a new parameter: the film thickness minus the
instantaneous indentation depth. This is equivalent to changing the Berkovich tip to an
“effective” flat punch during the elastic recovery in unloading process from an elasto-
plastic indentation. The modified model fits well as the indent depth is less than 50% of
the film thickness; however, it overestimates the substrate effect at relatively deep
indentation depths [63, 69].

Chen and Vlassak [67] used finite element method to study the elasto-plastic
indentation of a film on a substrate. They defined a substrate effect factor and provided a

relationship between the contact stiffness and contact area. This relationship was later
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employed by Han et al. [69] to determine the hardness of a thin film on the substrate.
Han's method can estimate the instantaneous projected contact area from the contact
stiffness. However, it cannot be used to measure the indentation modulus of the thin film
a priori. Application of this method needs to know the elastic properties of the film and
substrate in advance.

Besides above mentioned works, there are also many investigators who utilized
experimental [61, 70-73] and theoretical methods [74-77] to study the substrate effect in
nanoindentation. However, most of them just gave the measured modulus of thin
film/substrate composite and the developed models partially fitted with the
nanoindentation data-either at small indentation depth or at large depth. Moreover,
without being verified by a wide range of film/substrate composites with different
modulus, the models must be used with caution.

Recently, Zhou and Prorok [78] developed a discontinuous elastic interface
transfer model based on Doerner and Nix model. Their simulation results showed that the
elastic strains occurred in thin film and substrate were not continuous (Figure 2-7). Based
on the results, two weighting factors were introduced in the model and accounted for the
different developed strain fields in thin film and substrate, separately, during the

indentation process.
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Figure 2-7 A schematic diagram showing different strain fields in the film and substrate

The modified model was shown as below:

1 1 1
—==1-0)+—=0 2-22
= Ef( ) P (2-22)

S

where E' is the measured modulus, E; is the film modulus=E, /(1-v7), E, is the

—a; (t/h)

substrate modulus=E_/(1-v]), and ®; =¢€ and ® =e " are the weighting

factors to account for the effects of the film on the substrate and substrate on the film,

respectively. t is the film thickness, h is the indentation depth and o, and «are the

constants for the film and substrate respectively, corresponding to their bulk Poisson’s
ratios. By performing nanoindentation experiments on thirteen different amorphous thin
films on a silicon substrate, the model was found to fit well with the experimental data.
However, since the model was constructed based on one substrate, they decided to extend

the investigation to more combinations of 5 films on 5 substrates to see if the model is

27



still applicable [79]. Experimental results indicated that the substrate significantly
influenced the mechanical behavior even at penetration depths less than 2 % of the film
thickness ,therefore, the measured flat region value at small indentation depth seems
strongly depend on the substrate other than the thin film. To extract the true film modulus
from the measured flat region value, a power function (Equation 2-23) was proposed and

the discontinuous model was modified accordingly (Equation 2-24).

' 0.1
AE '
| B (2-23)
Ef Ef
1 l E, 0.1 l
—=—(1-D ) — | +—D, (2-24)
E E, E, E,

+ \0.1
E
Comparing with Equation (2-22), the additional term [?J accounts for the early

S

influence of the substrate. Thus, the true Young’s modulus of the films can be extracted

from the measured flat region value by using Equation (2-24).
2.2.3 Mechanical properties of PZT films

The deposition processing, orientation control, microstructures, composition and
electromechanical properties of PZT films have been studied extensively [80-90].
However, very few studies have been conducted to investigate the mechanical properties
of PZT films. Examples of reports are summarized in Table 2.2.

Bahr et al. [11] studied mechanical properties and fracture characteristics of PZT

films by nanoindentation. A 600nm (111) PZT film was deposited on a 1 cm? platinized
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Si substrate by a sol-gel method. The Oliver and Pharr method was employed to measure
the modulus of the thin films. The obtained values are ranging from 130 to 160GPa.
According to the calculated elastic strain, however, they found that the indentation
process likely exceeded the elastic strain over which the PZT behaves in a linear elastic
manner. Therefore, the low-load indentation is required to measure the modulus in a non-
linear elastic manner.

In Fang et al. [51]’s study, a 500nm (110) PZT film was deposited on a platinized
Si substrate by RF magnetron sputtering. Three different annealing temperatures were
used in the fabrication of PZT film through RTA (rapid thermal annealing). The
annealing temperature dependence of mechanical properties was investigated by
nanoindentation.

The results are shown in Figure 2-8. The Young’s moduli of those thin films
ranged from 109.17 to 260.04GPa and differed with various annealing temperatures and
indentation depth. The authors ignored the possible substrate effect at the beginning of
the nanoindentation process. Therefore, the reported data may not be able to represent the
true values of PZT films.

Wang et al. [18] studied the crystal orientation dependence of PZT films on
nanomechanical properties. By varying processing conditions, PZT film with strong
(001), (111). or random orientations were prepared on platinized silicon substrates. The
one-tenth rule of thumb was employed to measure the Young’s moduli of the PZT films
and the obtained average values of PZT films with (001) and (111) orientations are 165
and 145 GPa, respectively. The moduli of the PZT film with random orientation ranged

from 125 to 190 GPa. Based on the results, the authors concluded that the distinct
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Young’s moduli of the PZT films were caused by the different orientation. However, as
mentioned in previous section, the one-tenth rule must be used with caution, especially
when the film thickness is very thin. Without a comprehensive analysis of the raw data,
the obtained mechanical properties and crystalline orientation relationships may not be

accurate.
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Figure 2-8 (a) Young’s modulus and (b) the hardness as a function of penetration depth

for PZT films annealed at 600,700 and 800°C
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Table 2.2 Current research status about the measurement of mechanical properties of

PZT films
Thin film structures Experimental conditions Conclusions References
PZT films with different
1 micron PZT films with orientation show different
(001),(111) and random Young’s Modulus.
Si(100)/SiO,/Ti/Pt/PZT | orientation; the same thickness | Ey;=165GPa, [18]
(Pt-111) and similar microstructure E.11=145GPa,
Erandom=125~190GPa
(average value)
PZT films with different
PZT films with (001),(110) and | orientation show different
Si/Si0,/TiO,/Pt/PZT (111) orientation were obtained | Young’s Modulus.
Si/Si0,/LaNiOs/PZT by varying deposition E01=180+5GPa, [14, 17, 50]

(LaNiO;-001)

parameter such as bottom
electrode, film thickness , and

precursor

E] 1= 1 56i8GPa,
E1 10=125i10GPa

Si(100)/SiO,/Ti/Pt/PZT
(Pt-111)

500nm PZT films were
fabricated at different

annealing temperature: 600,700

and 800°C

The Young’s Modulus
increased from109.17 to
260.04GPa as the rapid
annealing temperature

increased from 600 to 800°C

[51]

Si(100)/SiOy/Ti/Pt/PZT

600nm,1 micron PZT films

Obtained Young’s Modulus is
approximately 123GPa. The
Young’s Modulus may be
influenced by underlying

substrate.

[11,15]

Si(100)/SiO,/Ti/Pt/PZT

200nm PZT film

E100:146.5GP3,
E111:161.2GP3,
Erandom=155.3GPa

[12]

Delobelle et al. [14, 17, 50] measured the mechanical properties of PZT films

with different orientations on various electrodes. PZT film with different orientations
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were fabricated by utilizing different electrode materials (Pt and LNO) and chelating
agents (2-MOE and acetate acid). Nanoindentation experiments were performed at
different indentation depths: 10%, 5% and 2.5% of the PZT film thickness. The data
employing 2.5% of the film thickness as an indentation depth were used to calculate the
mechanical properties of those PZT films. At small indentation depth, the authors found
there was no occurrence of micro-cracks during the nanoindentation process and they
considered that the results are free of substrate effect, representing the true moduli of the
PZT films. Therefore, the experimental results present that the mechanical properties of
the PZT films greatly depend on the crystalline orientation and the relationship can be
represented by the following inequality:

E

<E.p <Eonn (2-25)

<10 < Eairs

Xu et al. [15] investigated the possible substrate effect on the measured
mechanical properties of PZT film. 1 pm PZT film was deposited on platinized silicon
substrates. The mechanical properties were measured by nanoindentation. For all
indentation tests, the maximum penetration depth and tip force were limited within 250
nm and 10 mN, respectively. The results are shown in Figure 2-9. The reduced modulus
and hardness of a PZT film show little variation when the indentation depth is lower than
60 nm. Furthermore, Xu et al employed Yu and Chen et al’s model [67, 77] to calculate
the induced error due to substrate effect, which was estimated to be less than 5% when
the indentation depth is smaller than 60nm. Therefore, the measured values at small depth
were considered to be true modulus of the PZT film. However, as Prorok and Bo’s work

indicated in previous section, even at small indentation depth (<2%), the results may be

significantly influenced by the substrate, and the measured values are actually the
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modulus of the composite. Therefore, Xu et al’s work just examined the accuracy of the

composite modulus and failed to extract the thin film modulus from the obtained data.
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Figure 2-9 Reduced modulus (Er) and hardness (H) versus indentation depth for
PZT films
Wu et al. [12] fabricated 200nm PZT films with different orientations under
different annealing temperatures. The mechanical properties of those films were

measured by nanoindentation and shown in Figure 2-10.
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Figure 2-10 (a) Indentation modulus and (b) hardness of PZT films as a function of
indentation depth
To avoid the considerable effect from a substrate, the values of indentation
modulus and hardness of PZT films were determined when the averages of the data
obtained from 5 to 15% of the total depth of PZT films.
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Obviously, Wu et al. did not consider possible substrate effects at small
indentation depth either. Therefore, the measured mechanical properties of PZT films can
be inaccurate and the obtained orientation dependence of mechanical properties may not
be reliable.

Through the literature survey, although a lot of efforts have been made to explore
the mechanical properties of PZT films by many researchers, the substrate effects still
remain unclear. Analytical methods have to be developed to extract the modulus of the
PZT film from the raw nanoindentation data. Many models were introduced in previous
section to study the substrate effects in two-layer structure. Since PZT film composite
includes several layers, direct application of those models to PZT structures may not be
reasonable. Therefore, research work should be focused to investigate the substrate effect

via both experimental and analytical method based on current models.

2.3 PZT MEMS devices and fabrication background

Piezoelectric MicroElectroMechanical Systems (pMEMS) consists of at least two
elements: a bulk silicon frame and a piezoelectric deflection element with electrodes [1].
During the last 30 years, micromachining of silicon has been developed and successfully
used to manufacture a range of mechanical microstructures such as beams, diaphragms,
grooves, orifices, sealed cavities, pyramids and needles. However, the need for specific
functionality drives the development of integrating functional materials such as
piezoelectric thin films into MEMS. The piezoelectric element can provide a direct

transformation between a driving signal or read-out signal and a sensor or an actuator
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parameter. The input and output parameters for actuator and sensor applications of
piezoelectric laminated plates are schematically described in Figure 1-1.In an actuator,
application of a voltage leads to a piezoelectric in-plane stress causing a deflection of the
structure, whereas the piezoelectric thin film is strained in the out-of-plane direction. In
the sensor mode, in-plane strains create the piezoelectric charges that record the
deformation of the flexible structure.

The representative structures in MEMS are categorized into three configurations:
diaphragm, bridge, and cantilever, as shown in Figure 1-1. The common processes for
fabricating those devices include photolithography, pattern transfer with dry and wet
etching techniques, and common thin films deposition (SiO,, Si3N4, poly-Si, Al, Cr, Ni,
and Au) [91]. Figure 2-11 [1] shows the typical process flow for the microfabrication of
planar PZT/Si suspended membrane structures. It usually starts with an oxidized silicon
wafer with one side polished. The SiO; is grown on the wafer by thermal oxidation,
which is the electrical and diffusion buffer layer of PZT film structure. The adhesion
layer (e.g. T1/Ti0O,), bottom and top electrode (e.g. Pt) are deposited by PVD sputtering.
The Piezoelectric thin film is deposited by sol-gel CSD or by sputtering. Top electrode is
patterned either by lift-off or by plasma dry etching. For accessing the bottom electrode,
vias are opened through the PZT film by wet or dry etching. The front-side shape of the
structure is patterned by using a lithography technique through Pt/PZT/Pt/Ti/SiO, stack
and through Si defining the depth of groove. In general, the Si thickness is controlled by
back-side deep reactive ion etch (DRIE). Table 2.3 summarizes typical materials used in

pMEMS devices and fabrication details.
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Table 2.3 Summary of typical materials used in pMEMS devices fabrication [1]

Materials Growth methods Thickness Typical Patterning methods
stress (MPa)
Silicon wafer/SOI  Czochralski.bonding 390um; DRIE; wet etching
and polishing 1~50 um of device
Si on buried SiO,
Thermal SiO, Wet oxidation Max. 2000nm -300£5 ICP plasma etching;
wet etching (BHF)
Si3Ny LPCVD Max. 200nm 0~+700 ICP plasma etching
Pt bottom electrode ~ PVD sputtering 100~300nm +550 ICP plasma etching
PZT 53/47 {100} sputtering or sol-gel 500~40000nm +100 (unpoled) ECR/RF plasma etching
+1800 (poled) wet etching (HCL/HF)
Au/Cr top electrode ~ PVD evaporation 100nm/10nm +280 lift-off

To fabricate pMEMS device with high quality, a number of important issues
should be addressed:

1) The deposition of uniform, high quality PZT to provide excellent

electromechanical properties of devices.

2) The mechanical stress through the structure need to be compensated to

avoid any residual bending.

3) The thickness of supporting Si substrate should be uniform and the border

conditions should be defined precisely.
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Figure 2-11 Typical process flow for the microfabrication of PZT/Si cantilever (cross
section and top view)
For issue 1, numerous researchers [20, 30, 81-83, 86, 88, 89, 92, 93] had put their
efforts to develop, optimize and fabricate PZT films with excellent properties. Utilizing
SOI wafer and DRIE technique can greatly solve the problems in issue 3. However, the
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precise control of the stress in PZT film and MEMS device still remain unclear. If the
overall residual stress exists, serious bending (Figure 2-12) may occur, and it can degrade
electrical-mechanical energy conversion or even destroy the device sensitivity.

Since the fabrication of ferroelectric thin films involves the growth of the film on
a different substrate material and high temperature treatment, residual stress commonly
build up in a film after processing. There are three types of residual stresses developed in
thin film process: intrinsic stress, thermal stress, and extrinsic stress. Intrinsic stress can
be produced by the formation of grain boundaries as the crystal grain grows and interacts
with neighboring grains, shrinkage due to water and solvent evaporation, decomposition
and pyrolysis of nonvolatile organic species during heat treatment, and by the phase
transformation at the transition temperature. Thermal stress is induced by the mismatch
between thermal expansion coefficients of the film and the substrate. The extrinsic stress
originates from the lattice parameter mismatch between the film and the substrate.
Residual stresses on the order of several hundred MPa have been reported for
ferroelectric thin films [94-96]. The effects of residual stress on the electrical, mechanical
and piezoelectric properties of the piezoelectric films have been reported [97, 98]. The
change of remanent polarization, dielectric constant, domain structures due to residual
stress was focused. Efforts to reduce or to compensate for such stress have been made via
controlling process parameters.

Apparently, PZT films often exhibit a mechanical stress (tensile or compressive)
that degrades the properties of the freestanding MEMS structures by deforming them.
Although lots of research works including analytical and experimental methods have

been pursued to investigate the influence of residual stress on the properties of PZT films,
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few reports on the piezoelectric properties of MEMS devices are available. Development
of analytical solutions in conjunction with experimental methods for exploring the
influence of residual stress is therefore needed to design MEMS device for better

performance.

Figure 2-12 The effect of residual stress on ferroelectric PZT cantilever MEMS structure
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Chapter 3 Investigation of the Effect of Substrates on the Measured

Mechanical and Electrical Properties of PZT Films

3.1 Structure layer materials for MEMS devices - SiO, and SiNx

The most common material system for the fabrication of MEMS devices utilizes
polycrystalline Si as a primary structural material, SiO, as the sacrificial material, and
Si3Ny for electrical isolation of device structures [99]. In some fabrication routes, SiO,
and SiNx are also used as a structure layer to construct MEMS devices.

Thermal oxidation and LPCVD are widely used techniques for the SiO, growth
and deposition. SiO, is commonly used as a sacrificial material because it can be
dissolved easily using etchants that do not attack polysilicon. In a less prominent role,
Si0; is used as an etch mask for dry etching of thick polysilicon films because it is
chemically resistant to dry polysilicon etch chemistries. Thermal SiO; is well known as
an electrical insulator. The dielectric constants and dielectric strength of thermal oxide
are 3.9 and 1.1x10° V/cm, respectively.

SiNx is widely used in MEMS for electrical isolation, surface passivation, and
etch masking and as a mechanical material. Two deposition methods are commonly used
to deposit SiNx thin films: LPCVD and PECVD. PECVD offers the potential to deposit

nearly stress-free SiNx films, which is very useful in encapsulation and packaging. While
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LPCVD SiNx is commonly used as an insulating layer to isolate device structures from
the substrate and from other device structures because it is a good insulator with a
resistivity of 106Q-cm and a field breakdown limit of 10 V/cm.

In this study, they are used as the electrical and diffusion buffer layer during the
CSD process and structure layer for the released MEMS structures. Table 3.1 shows
some material parameters of SiO, and SiNx [100-102]. SiO; and SiNx present advantages
in mechanical properties, which make them as good candidates to investigate the
substrate effect on the properties of PZT films.

Table 3.1 Material properties of SiO; and SiNy

Material Density Modulus  Hardness Thermal expansion Thermal conductivity

p, (kg/m’) E(GPa) H(GPa)  at 300K (10°°C) at 300K (W/m K)

Si0, 2200 73 14~18 0.4~0.55 1.4

SiNx 3300 304 21 2.8 1.9

3.2 PZT film fabrication

There are different methods to deposit PZT films, including physical vapor
deposition (PVD), such as flash and electrode beam evaporation [103], ion-beam
deposition [104] and radio-frequency magnetron sputtering [105]; metalorganic chemical
vapor deposition (MOCVD) [106]; and chemical solution deposition (CSD). Among
them, the vacuum based deposition methods require large capital investments, while

chemical solution deposition (CSD) method is easy to control material composition in
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multicomponent systems, to produce uniform large area coatings and to cost less.
Therefore, the CSD method was employed in this study for deposition of PZT films.

One of the CSD methods is sol-gel process [14, 17, 50, 92], which can be defined
as a chemical elaboration of ceramic materials through synthesis of precursor solution,
gelation of the sol, drying and pyrolysis of organics, and a crystallization at high
temperature. The deposition is based on multiple spin coating of a liquid precursor on a
platinized wafer. Pyrolysis is performed to decompose the residual organics at about
350°C and then the annealing process is followed to crystallize the film at 650°C.

The growth of high quality PZT films needs controlled conversion of as-deposited
amorphous structure to a PZT crystalline phase. Usually, the crystallization consists of
three stages. The amorphous phase can transform into oxygen deficient
pyrochlore/fluorite structure, Pb,(Zr,T1),07x, when heating in the temperature range of
350°C to 600°C. Above ~470°C, the crystallization of perovskite phase can start. After
long exposure above 700°C, the formation of a lead deficient phase Pb(Zr,Ti);O; is
observed at the surface of the film due to volatilization of PbO. However, the
crystallization process may depend on a lot of factors or the combined conditions such as
pyrolysis conditions, thermal treatments, annealing atmosphere, substrate electrode
structure, solution chemistry, and the lead excess in the precursor.

In this study, the commercial PZT sol-gel solutions (Pb:Zr:Ti=110:52:48)
(Inostek Inc.) were spin-coated on 10 x 10 mm® Pt(111)/Ta/SiO,/Si and
Pt(111)/Ta/SiNx/Si substrates at 4000 rpm for 20 seconds followed by drying at 150 °C
for two minutes and pyrolysis at 300 °C for 10 minutes to remove residual organics. Such

coating and pyrolysis treatments were repeated for 6, 9, 12 times to achieve the desired
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thicknesses which are 580,830,1130nm, respectively and a pre-annealing process was
carried out at 650 °C for 15 minutes every three times. After the thin films achieved the
desired thicknesses, a final annealing was given at 650 °C for 1 hour. Figure 3-1 shows

the schematic diagram for the preparation of PZT films.

PZT solution

Spin coating at 4000rpm, 20s

v

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
! Drying at 150 °C, 2min 3 times repeat ! Repeat after
1 1
1 1
1 1
1 1
1 1
1 1
1 1

i 6,9,12 times

Pyrolysis at 300 °C, 10min

Pre-annealing at 650 °C, 15min
[

Final-annealing at 650 °C, 1h

y

PZT thin films

Figure 3-1 Schematic diagram for the preparation of PZT films
As mentioned before, SiO; and SiNx layers were grown on 4 inch Si wafers by
using thermal oxidation and LPCVD, respectively, in microelectronics fabrication
laboratory at Auburn University. The adhesion layer Ta (20nm) and electrode layer Pt
(120nm) were deposited by magnetron sputtering system (deposition conditions refer to

Appendix A).
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3.3 Measurement of mechanical property of PZT films

3.3.1 Principle of measurement using nanoindentation
As introduced in chapter 2, based upon the method developed by Oliver and Pharr
[60], the hardness and Young’s modulus can be determined by an indentation load-

displacement curve (Figure 2-6) according to Equation (2-13) and (3-1):

2 ;A I_V‘z} (3-1)

E:(l—vz){\/;ﬂ 5 3
Equation (3-1) is obtained by substituting Equation (2-14) into Equation (2-15).
When the mechanical properties of PZT films were measured by a nanoindentation
method, the following statements were commonly advised:
1) The indentation depths were limited to less than a tenth of the thin film thickness
(Figure 3-2a) (Here, The PZT sample with 12 times deposition was taken as an
example) according to the one-tenth “rule of thumb” which suggests the measured
mechanical property is very close to the true value of the films if a film has a thickness
of ten times of the indentation depth [18, 107, 108]. And also microcracks and pile-ups
do not occur in PZT films because the indentation depths are less than 20% of the film
thickness [17]. As we can see from the curves of load-displacement in Figure 3-2a, no
discontinuity is observed, which indicates no occurrence of micro-cracks in the
indentation process [13, 14].
2) The Young’s Modulus is obtained from the flat regions (Figure 3-2b) where the
values are relatively constant and considered to be representative of the true film

modulus [56].
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3.3.2 Experimental setup of nanoindentation

Indentation tests were performed with an MTS Nanoindenter XP system at
ambient pressure and temperature (Figure 3-3). The tip used in the nanoindenter system is
a Berkovich diamond indenter. The system was fully calibrated using the fused silica as a
standard sample before the measurements. The continuous stiffness method (CSM) was
employed in the experiment. It was depth-controlled and the harmonic displacement
target was set to 2 nm. The allowable thermal drift rate was limited as 0.05 nm/s. The
corresponding Poisson's ratio of bulk material was employed as the one of the film. The
Poisson’s ratio of the substrate was set as 0.28 for <100> silicon. For each sample, ~20
CSM tests were performed with same depth limitation. Film Young’s modulus was

determined from the load-displacement curve and the CSM modulus-displacement curve.

§ pd———

Nano Indenter’ XP

Figure 3-3 Nano indenter assembly parts
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3.4 Measurements of electrical properties and residual stress of PZT films

Prior to electrical measurements, platinum top electrodes were deposited at room
temperature on PZT films through a shadow mask, using dc magnetron sputtering. The
typical thickness of Pt top electrodes was 120 nm. A TF-2000 ferro/piezoelectric tester
(aixACCT Systems GmbH, Germany) was used to measure field-induced polarization
(Figure 3-4). The dielectric properties were characterized by using a HP 4192A
impedance analyzer (Figure 3-5). The oscillation signal used was typically 10 kHz in
frequency and 0.1Vrms in amplitude. Micro-stress within the PZT films was measured by
Raman spectroscopy that was performed by using a 441.6 nm line from a He-Cd laser (80
mW). Raman spectra were collected using a spectrometer (JY-550) equipped with two 3-
inch holographic gratings (2400 lines/mm, 3600 lines/mm), and a thermoelectrically-

cooled charge coupled device (CCD) detector (2048 x 512 pixels).

i

On/Off

FE Module

Figure 3-4 A TF analyzer 2000 for measuring piezoelectric properties of thin films
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Figure 3-5 An impedance analyzer for measuring dielectric properties

3.5 Results and discussion

3.5.1 Mechanical properties of PZT films on different substrates

Three different thickness of PZT films and two types of structural layers were
prepared and characterized. For each sample, 20 CSM tests were conducted at the same
indentation depth. Figure 3-6 shows the evolutions of Young’s modulus as a function of
PZT thickness at different substrates. Since the preferred orientation and the
microstructure of the PZT films can contribute to different mechanical properties [12, 17,
18, 50], all samples were characterized using scanning electron microscopy (SEM) and
X-ray diffraction (XRD). Figure 3-7 shows the XRD patterns of PZT films prepared with
different substrates and thin film thicknesses. All samples show strong (111) orientation

because lattice matching between PZT and (111) platinum bottom electrode seems
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dominant in these films irrespective of the types of structural layer [109]. Figure 3-8
shows the surface morphologies of the crystallized PZT films. Almost identical surface
topography were observed and the grain sizes are in the range of 60-280nm. The above
results indicate that the influences of orientation and microstructure on the measured
Young’s moduli of PZT films can be neglected. When comparing PZT films on different
structural layers, the PZT films on SiNx-based substrates show higher Young’s moduli
than those on SiO;-based substrates even at penetration depths less than 10% of the film
thickness. These results indicate that the commonly used one-tenth rule may not be

adequate to determine the true mechanical properties of PZT films grown on different

substrates.
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Figure 3-6 Young’s Modulus as a function of the thickness of PZT films on SiO,/Si and

SiNx/S1 substrates
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Figure 3-8 SEM images for PZT films on SiO,/Si (left) and SiNx/Si (right) substrates
with different thickness: (a)& (d)580nm; (b)& (€)830nm; and (c)& (f)1130nm (all have

60-280nm grain size)
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Recently, Zhou and Prorok’s work [79] proposed a two-layer model which works
very well for 25 different combinations of 5 films on 5 substrates to extract the actual
Young’s modulus of a thin film on a substrate. The obtained data revealed that the flat
region to determine the true Young’s modulus does not solely depend on the film. In fact,
the substrate may greatly influence the mechanical properties even at indentation depth
less than 2% of the film thickness. Therefore, for the PZT multilayer structures employed
in current experiments, the flat region may be influenced by substrates in more
complicated ways. In order to clearly identify the influence of the substrate on the
mechanical properties of PZT films, it is better to measure over a long range of
indentation depth instead of 10% of the film thickness.

To explore the substrate effect as the function of the indentation depth, the
2,200nm was chosen as the depth limit. Since the Young’s modulus of the PZT film does
not change evidently with increasing film thickness (Figure 3-6), which may be attributed
to similar orientation and microstructure of PZT films at different thicknesses, we only
employed the PZT films with 12 times deposition. Figure 3-9 shows the evolutions of
Young’s modulus versus the indentation depth of PZT films on two different substrates.

For the PZT film on SiNx-based substrate, the measured Young’s modulus
increases as the indentation depth increases until the depth reaches around 300nm. Then
the value decreased until the fracture point is observed at the indentation depth of
1,122nm where the PZT film and substrate become separated, which can be clearly
observed by the load-displacement curve (Figure 3-10). The discontinuity on the loading

curve indicates there was delamination and cracking occurring at the PZT/Pt interface,
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which was then proved by the SEM picture as shown in Figure 3-11. The delamination
and corresponding discontinuity on load-displacement curve were also reported by other

researchers [13, 14].
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Figure 3-11 SEM showing delamination and cracking around indentation

For PZT film on SiO;-based substrate, the curve shows very similar trend to the

one of PZT film on SiNx-based substrate. However, the difference on maximum modulus
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value and the position of fracture point clearly show the influence of substrates on
measured results. As shown in the Figure 3-9, the maximum modulus value of the PZT
film on Si0O,-based substrate was obtained around 200nm, which is smaller than that of
the PZT film on SiNx-based substrate. At the early stage of the nanoindentation, the
modulus increases as the indentation depth increases when the harder Pt thin layer
dominates the substrate effect. The measured modulus of the PZT film on SiO,-based
substrate soon decreases due to the influence of softer SiO, substrate, while the measured
value of PZT film on SiNx-based substrate still increases because of harder SiNx
substrate. After reaching the maximum value, the measured moduli and the modulus
difference between two set of samples gets smaller when the Si layer is dominating the
substrate effect as the indentation depth increases. It should be pointed out that, in a
multilayer structure, the substrate effect is attributed to the combined effect from
different layers during the nanoindentation measurement. Therefore, the measured values
of the PZT films on SiNx-based substrate are always larger than those of the PZT films
on SiO,-based substrate even when an indenter penetrates into the Si substrate. The
facture point was observed at the indentation depth of 1,255nm which is larger than the
one of PZT film on SiNx-based substrate, and the reason is probably since the softer SiO;
layer is able to absorb more applied strain [110].

The hardness change as a function of the indentation depth is also given in Figure
3-12. The measured hardness of PZT films on two substrates are almost same (~8.8GPa)
until the indentation depth is approximately below 400nm. As the indentation depth
increases, the hardness values become different probably due to the occurrence of

delamination and buckling in the PZT structures. However, the interfacial cracks do not
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propagate extensively [13]. The measured hardness of PZT film on SiNx-based substrate
is slightly smaller than the one of PZT film on SiO,-based substrate, probably because
the SiNy layer can absorb less applied strain compared to SiO; layer as mentioned above,
which may result in more severe fracture and larger contact area. According to equation
(3-1), the smaller hardness vaule of PZT film with SiNx-based substrate was expected,
but the difference is very small (<1GPa) because the interfacial cracks have not propagate
extensively yet. When the indentation depth is above 1,100nm, the serious delamination
occurs in both structures and results in larger difference on measured hardness. We
should notice this difference caused by the contact area change is not so significant
(maximum difference being ~ 2GPa). Based on equation (3-2), the effect of the square
root of the contact area change on measured Young’s modulus is even negligible

compared with the substrate effect, except for the complete fracture condition.
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One may argue that the difference in the measured hardness could also be caused
by the different substrate. For the measurement of elastic modulus of PZT film, the result
will be greatly affected by the substrate even if the indentation depth is very small
because the elastic deformation is not confined to the film itself; rather, it is a long-range
effect that extends into the substrate [63]. However, for the measurement of hardness of
PZT film, the plastic deformation will be confined within the film as the hardness of the
substrates is larger than the one of thin film in both cases (Table 3.2) and the measured
hardness should represent the true thin film hardness. This explains why the measured
hardness of PZT films on two different substrates show almost identical value before
delamination starts.

Table 3.2 Description of PZT film structure

Layer material Thickness (um) Modulus(GPa) Hardness(GPa)

PZT 0.580,0.830,1.130 125-190[17, 18,50] 5.1-8.6[11, 17, 50]
Pt(111) 0.120 170[111] 9[11]
SiO, 0.5 70[112] 14.4-18[113]
SiNx 0.5 220[114] 21.0[114]
Ta 0.010 178[115] 11.6[115]
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3.5.2 Electrical properties of PZT films on different substrates

Table 3.3 The electric properties of PZT films with different thickness on two types of

substrate
Thickness | Pr of PZT film Pr of PZT film ¢ of PZT film ¢ of PZT film
nm
(nm) with S10,-based with SiNx-based with Si10,-based with SiNx-based
substrate at substrate at substrate at 10K substrate at 10K
25V(uClem?) 25V(uC/em?) Hz Hz
580 19.55 19.89 1134.38 1171.62
830 21.58 22.46 1197.61 1169.81
1130 20.64 21.63 1213.24 1215.71
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Figure 3-13 The dielectric constants of PZT films with different substrate as a function of

DC bias (a) 580nm (6t) (b) 830nm (9t) (c) 1130nm (12t)
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Figure 3-14 The electrical properties as a function of the thickness of PZT films on
Si0,/S1 and SiNx/Si substrates

The remanent polarization and the dielectric constants of the PZT films were
characterized as shown in Figure 3-13&14. All data were listed in Table 3.3. Both
properties were not significantly influenced by the types of structural layer and the
observed range of PZT film thickness. It is commonly reported that the remanent
polarization and the dielectric constants increase as film thickness increases due to
smaller residual stress and/or bigger grain size [116-118]. There exists a critical thickness
where this scaling effect becomes negligible, typically in the range of 0.3-0.6um,
depending on the fabrication conditions. No significant change of the polarization and
dielectric constant can be due to thicker films (0.58-1.13um) that exceed the critical
thickness. The PZT films on different structural layers also showed similar electrical
properties. The results can be attributed to similar crystallographic properties such as

orientation and microstructure and/or comparable residual stress conditions for the PZT
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films grown on both structural layers as observed by the XRD and SEM results. Although
the structural layer may affect the stress conditions [1], comparable residual stress values
from PZT films on both structural layers were estimated that were due to the constraint of
the PZT film by the much thicker Si substrate.

To confirm the conjecture, Raman scattering was conducted to investigate the
residual stress condition in all PZT films. For PZT, the Raman spectra in the tetragonal
phase have the following modes [119]:A(TO;),A1(LO;), E(TO;),E(LO;) (i=1,2,3) and
some mixed modes such as BI+E et al. To avoid the effect of Rayleigh scattering which
is strong in the low-frequency region [120, 121], the A;(TO3;) mode was chosen for
calculating the residual stress. From Lydane-Sach-Teller (LST) relation, the dielectric
constant is proportional to the square of the phonon frequency of the A;(TO;) mode,
therefore, the following equation can be used to calculate the residual stress in PZT films

[122, 123]:

o =l (1-2) (3-2)

0,

Where o, is the stress under which the phonon frequency becomes zero and wy is the
phonon frequency under zero stress. By using the bulk-PZT sample, and fitting the
obtained data, the 6,=-640.7MPa and 030=528.8cm'1 for the A;(TO3) mode was calculated
[123].

The Raman spectra for PZT films were shown in Figure 3-15 and summarized in
Table 3.4 after background correction and Lorentzian fitting. It’s well known that the
phonon frequency shift is related to residual stress, crystal size, temperature and crystal
structure [120]. The last two factors can be excluded at first, because the Raman

scattering was conducted at room temperature and the crystal structures were identical as
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checked above. For the grain size, all samples show similar range and it’s found the wave
number shift of A;(TOs) mode is less than 2 cm™ for grain size larger than 17nm [123].
Therefore, the frequency shift in our case should be caused by residual stress. The
obtained results show stress values of PZT films with different thickness are very close
and in the range of 88 to 101 MPa. It should be noted that the 10 MPa difference of
stresses of PZT film on different substrates will not result in significant change of electric
properties since previously reported work [118] showed a 30MPa change in applied stress

caused only a 2% change in electric properties.
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Figure 3-15 Raman spectra of PZT films on (a) SiO,/Si and (b) SiNx/Si substrate

Table 3.4 The extracted residual stresses in the PZT films based on A;(TOs) mode after

background substraction and lorentz fitting

Thickness (nm) | PZT on SiO-based substrate | PZT on SiNx-based substrate

Freq.(cm™) Stress (MPa) | Freq.(cm™) Stress (MPa)
580 (6t) 568 98 564 88
830 (91) 569 101 564 88
1130 (12t) 568 98 566 93

64



3.6 Chapter summary

Employing different structural layer materials (e.g. silicon dioxide or silicon
nitride) will lead to different measured mechanical properties of PZT films. The
measured Young’s moduli of PZT films on SiNx-based substrates always shows higher
value than those of PZT films on SiO,-based substrate, which is attributed to the substrate
effect throughout the whole indentation process. Since the measured values in both cases
are affected by the substrate, it is necessary to develop a multilayer model in the future
work to get the true modulus. The substrate effect on film hardness, however, was
negligible since hardness value of around 8.8GPa was measured for both PZT on SiNx-
and Si0,-based substrates. Significant influences of the film thickness and substrate type
on the electrical properties were not observed for the investigated thickness range of the

PZT films due to the similar residual stresses conditions.
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Chapter 4 Investigation of the Orientation Effect on the Mechanical

Properties of PZT films on Different Substrate

4.1 Introduction

It is known that highly oriented crystalline thin films are required in the
application of piezoelectric MEMS devices with desirable electromechanical properties.
Thus, determination of the mechanical properties of oriented PZT film becomes crucial.
However, only few studies focusing on mechanical properties [14, 17, 18, 50, 51, 124]
were performed using the Si/SiO,/Ti/Pt/PZT structure. For the multilayer structure, in
order to measure ‘film-only’ mechanical properties, the most common method is to use
one-tenth rule of thumb [60, 64] which suggests to limit the indentation depth within 10%
of the film thickness so that the substrate effect could be ignored. This rule is not
considered to be always applicable by some researchers [56, 63] , especially when the
film is very thin. Since most above reported works did the measurement based on the
one-tenth rule and with only one type of substrate, the orientation dependence of
mechanical properties of thin films on different substrates remains unclear. In order to
explore the possible substrate effect on the mechanical properties of oriented PZT films,
it is necessary to employ a combined experimental and analytical method. In this letter,

Si0, and SiNx-based substrates were used to fabricate PZT films since they are most
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common layer material used in MEMS application and have distinct Young’s modulus. A
new model of thin film indentation based on discontinuous transfer of elastic strain [125,

126] is employed to assess properties.

4.2 Fabrication of oriented PZT films on different substrates

The sol-gel PZT solutions were prepared using 2-methoxyethanol (2-MOE) as the
solvent. The major starting materials include lead acetate trihydrate (Aldrich, PbOAc,
Pb(CH3CO,),-:3H,0), titanium isopropoxide (Aldrich, TIP, Ti[OCH(CHjs);]4), and
zirconium propoxide (Aldrich, ZNP, Zr(OCH(CHs),)4), which are dissolved in 2-MOE
solvents. Besides, acetylacetone (Aldrich, AcAc, CsHsO,) was used as a chelating agent
during the fabrication process. Therefore, precursors with acetylacetone and without

acetylacetone were prepared, as shown in Figure 4-1 and 4-2.

2MOE (21ml)+ZNP (4.4ml)

Stirring at R.T for 1h

A 4

Adding TIP (2.95ml)

Stirring at R.T for 1h
A 4

Adding AcAc (8ml)
Stirring at R.T for 30 min
and then at 80°C for 30min

Adding PbOAc (9g)
Stirring at 80°C for 1h and
cooling down

Filtering

Figure 4-1 Flow chart for preparation of 0.5M PZT precursor with AcAc
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2MOE (29ml)+ZNP(4.4ml)

Stirring at R.T for 1h
A 4
Adding TIP (2.95ml)
Stirring at R.T for 1h
Adding PbOAc (9g)
Stirring at 80°C for 1h and
v cooling down
Filtering

Figure 4-2 Flow chart for preparation of 0.5M PZT precursor without AcAc

The ratio of Zr to Ti is 0.52 to 0.48, which is the composition near the
morphotropic phase boundary (MPB). 10 mol% excess lead sources were included in the
precursor to compensate PbO volatilization during heat treatment. After filtering, the
resultant solution was found clear and homogeneous after 3 days aging. The home-made
and commercial solutions were then used to deposit the PZT films on two different kinds
of substrates (Pt(120nm)/Ti(10nm)/X(500nm)/Si(500pum) (x=Si0, and SiNx)) according
to the procedure shown in Figure 3-1. The final film thickness is about 1130nm through
12 deposition cycles. The varying pyrolysis temperatures at 250, 300, 350, and 500°C

were employed. The fabrication conditions and obtained results were listed in Table 4.1.
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Table 4.1 Summary of the fabrication parameters and measured Young’s Modulus

Sample # Meas. flat Cal. values Orientation  Fabrication conditions*
region values
(GPa) (GPa)
Si0,/Si 85+5 80+3
SiNx/Si 290+35 312429
PZT /SiO,/Si 1 2"
1 154+11 16149  160+6 001 350C-WOAC
2 142420 150 £17 148+13 111 COMMERCIAL
3 133+15 139412 136+9 110,111 250C-WOAC
PZT /SiNx/Si
4 17549 1606  158+4 001 300C-WOAC
5 168+11 153+11 15045 111 500C-WOAC
6 162+10 15042 14745 110,111 COMMERCIAL

PZT/Pt structure (Assumed)

133
150
170
175

130
148
171
176

*350C-WOAC and 350C-WAC denote 350°C pyrolysis temperature without AcAc and with AcAc, repectively

4.3 Results and discussion

Figure 4-3 shows the XRD patterns of PZT films on two substrates. Sample 1 and

4 have strong (001) orientations; samples 2 and 5 are mainly (111) orientated. Sample 3

and 6 have mixed orientations of (110) and (111) and the percentage of a certain

orientation can be determined by the relative peak intensity according to the simple
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formula:(hkl)%=I i/ Lioal. The calculated percentage of (110) orientation of sample 3 is

59%, which is slightly larger than the 53% of sample 6.

PZT (001)
PZT (110)
PZT(111) Pt(111)
=

Intensity (a.u.)

(b)

Intensity (a.u.)
PZT (001)
o (6] ES
PZT (110)
@111) Pt (111)
%ZT (200)

.

30 3B 4 45 50
20

N
o
N
(6]

Figure 4-3 (a) XRD patterns of PZT films with SiO,-based substrates. (b) XRD patterns
of PZT films with SiNx-based substrates.
To characterize the mechanical properties of the PZT films, a nano-indenter (MTS
Nano-indenter XP system) with a Berkovich type diamond tip and the continuous

stiffness method (CSM) were employed. Since the Young’s modulus of SiNx and SiO; in
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the literature varies with the different fabrication conditions, the nanoindentation

experiments were also performed on Si/SiO, and Si/SiNx two-layer composites. For each

sample, 20 tests were performed with the same depth limit. The averaged data for each

set of 20 indents is given in Figure 4-4 to Figure 4-7.
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Figure 4-4 Plots of experimental and calculated data for (a) SiO,/Si (b) SiNx/Si
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Figure 4-4 shows the measured modulus-displacement curves of the SiO, and
SiNx film on the Si (100) substrates. The data sets began with low values of modulus at
small penetration depths that increased with penetration depth before leveling off at the
so-called “flat” region and then slightly increasing or decreasing when the substrate was
softer than the film. The low values of elastic modulus at the early stage of the intents
indicated that the indenter tip lost contact with the film during the unloading stages of the
continuous stiffness measurement, effects recently identified by Pharr et al.[127]. A
recent model developed by Zhou et al [125, 126] was applied to the experimental data.
This model, called the Discontinuous Elastic Interface Transfer Model, accounts for
discontinuity in elastic strain transfer at the film/substrate interface resulting from
different moduli and Poisson’s ratios of the two components. It has the following form:

1': 1 (l—cIDS)+%GDf 4-1)

flat N

where E' is the composite modulus, E;, is the measured flat region value,

—a; (t/h)

E.=E,/(1-v]), is the substrate modulus and @ =e and @ =e """ are the

weighting factors to account for the effects of the film on the substrate and substrate on

the film, respectively. t is the film thickness, h is the indentation depth and «, and «;are

the constants for the film and substrate respectively, corresponding to their bulk
Poisson’s ratios. Here, The Poisson’s ratio is 0.28 [114] for SiNx , 0.17 [112] for SiO;
and 0.28 [128] for Si; the modulus of Si is 173 [128]. The solid lines in Figure 4-4
represent the Discontinuous Elastic Interface Transfer model for the film/substrate
combinations in this work. They show an excellent fit to all data sets with the exception

of low penetration depths where contact was lost. All data sets exhibited a “flat” region,
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which has been considered by some to indicate the film modulus. However, recent work
by Zhou et al. [126] has indicated this value is substrate dependent and represents the
film/substrate composite modulus. Therefore, to extract the true film modulus from the
experimental data, they proposed a power function to relate the film and substrate
modulus to the measured flat region value, the Equation (4-1) was then re-written as

' 0.1
E
L Loy +lo, (4-2)
E E, E ] E

v \0.1
: E
where E; =E, /(1-v}) is the film modulus. The additional term (EfJ accounts for

the early influence of the substrate. In applying this equation, the film modulus of SiO;
and SiNx can be calculated based on the measured flat region values (Table 4.1). The
calculated values from each data points are relatively uniform with displacement into the
surface in both cases.

The modulus-displacement curves of all PZT films were presented in Figure 4-5
to Figure 4-7. The flat region values were summarized in Table 4.1. For the PZT film on
Si0,-based substrate, it was observed that PZT film with significant (001) orientation has
a flat region value of 154GPa and the sample with strong (111) orientation has a smaller
value of 142GPa, while the one with mixed orientation of (110) and (111) has the
smallest value of 133GPa. The tendency is in agreement with the reports by Delobelle et
al. [14, 17, 50] and Wang et al. [18]. As far as PZT films on SiNx-based substrate, the
same inequality regarding orientation effect is observed: E<gpo1>>E<i11>>E<i10,1115.
However, even with similar orientation, the measured values appear much larger than

those of PZT films on SiO;-based substrate. It is known the elastic modulus depends on
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the nature of atomic bonding instead of the microstructure of the materials, although
some researchers [129] reported the size dependence of Young’s modulus of the pure
metal, which was found to be due to the porosity of the material. And Delobelle [17]
pointed out the Young’s modulus of oriented PZT films is independent on grain size,
especially when the applied load in nanoindentation is low [124]. In our experiments, the
applied maximum load in the flat region is about 2mN, which can be considered as a low
pressure condition. Therefore the significant difference of measured moduli between PZT
films on two different kinds of substrates should be attributed to the varying structural
layer; otherwise we could get very close moduli.

The multi-layer composite could be assumed as PZT/X/Si three-layer structure in
the calculation (X=Si0,,SiNx), since the Ti layer was very thin and the Pt layer possessed
a modulus 170GPa [111], close to that of PZT, it was not considered to be a component
of the film (this will be demonstrated later ). To apply this model to the PZT film
structure, we firstly assume a composite film (PZT/SiO, or PZT/SiNx) on the Si substrate.
Here, the Poisson’s ratio is 0.3 [130] for PZT film. The fitted curves by using Equation
(4-1) were shown in Figure 4-5(a) to Figure 4-7(a), matching the experimental data very
well. The calculated PZT film values for the PZT/Si0; (open symbols) and PZT/SiNx
(solid symbols) structures by using Equation (4-2) were presented in Figure 4-5(b) to
Figure 4-7(b), which are still under the influenced of the Si substrate although it is not
expected to be significant due to the close modulus of Si to that of the PZT (for the same

reason with Pt).
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Figure 4-5 (a) Experimental and (b) calculated data of PZT films with (001) orientation

on Si0,/Si and SiNx/Si substrates
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Figure 4-6 (a) Experimental and (b) calculated data of PZT films with (111) orientation

on Si0,/Si and SiNx/Si substrates
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Figure 4-7 (a) Experimental and (b) calculated data of PZT films with mixed orientation

on Si0,/Si and SiNx/Si substrates

Equation (4-2) was applied again in the composite film/Si structure to get true
PZT film modulus. Here, the values of E’ are the previously calculated results by

Equation (4-2) and the film thickness is the combined thickness value of PZT and SiO; or
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SiNx films. The calculated values were presented in Figure 4-5(b) to Figure 4-7(b). Data
for PZT film on SiO; and SiNx-based substrate are represented by diamonds and stars,
respectively, and relatively uniform with displacement into the surface in defined range.
Calculated flat region values through Equation (4-2) were all listed in Table 4.1. In the
case of PZT films on SiO,-based substrates, the second calculated values are larger than
the measured flat region values, which clearly indicates the moduli of the PZT films are
underestimated due to the softer SiO; structural layer. While for the PZT films on SiNx-
based substrates, the overestimated film modulus was observed due to the harder SiNx
structural layer. However, in both cases, the previously obtained inequality:
E<001>>E<111>>E<110.111> remain unchanged. It should be noted that obtained true values of
two PZT films with similar orientation on different substrate are supposed to be the same.
Among the samples listed in Table 4.1, PZT films with significant (001) and (111)
orientation appear to agree well with less than two percent difference between their
average values for two substrates. For PZT films with mixed orientation of (110) and
(111), it was observed the modified modulus of PZT film on SiNx-based substrate is still
larger than the one of PZT film on SiO,-based substrate. This result could be attributed
that the (111) orientation account for a large portion of the measured modulus since we
randomly choose the indentation positions.

Based on Equation (4-2), we then go back to check the influence of the Pt layer
on the measurement. Since we know the following inequality Esioo<Ep<Eging, the
measured flat region values should be in the range of 133GPa to 175GPa for a PZT/Pt
two-layer structure. 133 and 175GPa correspond to the smallest one of measured flat

region values in the case of PZT film on SiO,-based substrate and the largest one of
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measured flat region values in the case of PZT film on SiNx-based substrate, respectively.
Using several values in the range of 133 to 175, we could get the corresponding fitted
values by using Equation (4-2) and the calculated results are listed in Table 4.1. It was
observed that the fitted values are very close to the assumed flat region values, which
indicates the substrate effect for the PZT/Pt structure is not so significant and the Pt layer

can be ignored as we apply the developed model to the PZT film structure.

4.4 Chapter summary

The orientation effect on Young’s modulus of PZT film with different structural
layers was investigated. The result shows the measured values will vary with different
substrates but the obtained relationship (Eoo1>E111>E10,111)) between measured modulus
of PZT films with different orientation will remain the same. By using the model
developed by Zhou et al, we could extract true orientation effect from the experimental

data and get good consistency between highly oriented PZT films on different substrates.
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Chapter 5 Investigation of the Influence of VVarying Si Substrate
Thickness on the Electrical and Piezoelectric Properties of the PZT

Cantilevers

5.1 Device design and fabrication
5.1.1 Device design

5.1.1.1 Cantilever dimension

Cantilevers with three kinds of dimensions were designed, as shown in Figure 5-1.
The dotted area is the top electrode, whose size was reduced compared to the PZT layer
to prevent possible electric shortage between the top and bottom Pt electrode after
fabrication. All cantilevers are 2mm wide and the length for a type cantilever is 8mm,
6mm for b type cantilever and 4mm for ¢ type cantilever.

There are two ways to fabricate to get PZT cantilevers with different Si
thicknesses. One method involves setting cantilever thickness for one piece of wafer, so
every cantilever from the piece of wafer has the same Si substrate thickness. This method
requires multiple pieces of wafer to fabricate PZT cantilevers with varying Si thickness.
The other method involves performing back-side etching on one piece of wafer, so the
PZT cantilevers in one specific region will have the same Si substrate thickness, as

shown in Figure 5-2. The former method will have a slightly easier fabrication process,

80



but will significantly increase the fabrication period, since each fabrication of PZT
cantilevers with a certain Si substrate thickness will repeat the processes before back-side
etching. Knowing this, the second method was employed in this study. The fabrication
process will be discussed in detail later. The corresponding thicknesses in Figure 5-2 are

250, 125, and 65um, respectively.

¢ [ 15um

T

[5pm

(a) (b) (c)

Figure 5-1 Schematic of the designed cantilevers
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Si

Figure 5-2 Schematic of the designed cantilevers on the wafer with

different Si thickness

5.1.1.2 Layer structure design

A 500 nm thick SiO2 was grown on a 4 inch silicon wafer by thermal oxidation,
which is the layer structure in PZT cantilevers. Due to its high electrical conductivity and
thermal stability at high temperatures, 120nm Pt was then deposited by sputtering on the
Si-based substrate as a bottom electrode. Prior to the deposition of Pt as a bottom
electrode, a very thin Ti layer was sputtered on the substrate to improve the adhesion
between Pt and SiO,. For the PZT cantilever application, the PZT film has to have been
grown on an electrode. Therefore, ~1um PZT film was deposited subsequently on the Pt

bottom electrode by sol-gel, as introduced before. Finally, 120nm Pt was deposited again
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as a top electrode. The schematic of the PZT multi-layer configuration before PZT

cantilever fabrication was shown in Figure 5-3.

Pt (120nm)
—ZPZT (~1um)

Ti (10nm)

Si0, (500nm)

\ Si (~500 um)

Figure 5-3 Schematic of the multi-layer configuration for the PZT cantilever

5.1.1.3 Mask design

Fabrication of PZT cantilevers is an established process requiring 4 masks to
complete, as shown in Figure 2-11. The first mask (Figure 5-4) was designed for
electrode patterning. Four different sizes (0.01, 0.04, 0.09, 0.25 mm?®) of square
electrodes were also patterned for measuring the piezoelectric and dielectric properties of
the PZT film before microfabrication of PZT cantilevers. The second mask (Figure 5-5)
was designed to define the cantilever structure and bottom electrode. The third mask

(Figure 5-6) was designed to obtain cantilever structures with different Si thickness
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without damaging bottom electrode. The pattern of back-side etching was defined by the

fourth mask (Figure 5-7) and the cantilever structure was finally released by Si RIE.

e e e

g

a o.o .o o .o o

el

Figure 5-5 Mask for 1* cantilever patterning
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Figure 5-7 Mask for back-side etching



5.1.2 Device fabrication

The PZT cantilever fabrication process is based on several iterations of
photolithography and etching, as shown in Figure 2-11. The details of the PZT cantilever

fabrication process are described in the following chapters and outlined in Appendix B.

5.1.2.1 Photolithography

The first step in the fabrication of PZT cantilever is to define the top electrode
pattern. This process started with a PZT film stack on a 4 inch wafer, as described in
Figure 5-3. Before patterning the top electrode, the wafer was put in a microprocessor for
20 minutes at 120°C to remove moisture 20min. Any moisture on the wafer surface
would interfere with the photolithography process, causing it to yield poor results.
Unfortunately, the surfaces of many of the materials for depositing resist oxidize very
easily. Bonding with water adsorbed from the air, the surface oxide will form long range
hydrogen. When the resist is spun onto such a surface, it adheres to the water vapor
instead of the surface and poor adhesion results. Hexamethyldisilazane (HMDS) is a
common primer used before spin coating that serves as an adhesion promoter for
photoresist. Therefore, HMDS was applied to increase the adhesion between photoresist
and the PZT film after the dehydration of the wafer.

~2 pum Negative photoresist ( nLOF 2035) was then spin coated on the 4 inch
wafer and exposed to a pattern of intense light using a mask aligner. After developing

with an AZ 300 MIF developer solution, the photoresist pattern was inspected under the

86



microscope to make sure the undesired resist was completely removed. Next, the top
electrode was obtained by lift-off process after Pt deposition on the layer of patterned
photo resist (PR).

In the next step, the second mask was employed to do the first cantilever
patterning and bottom electrode access. At the experiment’s outset, photoresist AZ5214E
was chosen for pattern transfer. A spin speed of 500 rpm makes a thickness of ~5 pm.
For cantilever patterning and bottom electrode access, a total thickness of ~15 pm will be
necessary for etching the front side without damaging the Pt top electrode [131]; this
requires three depositions of AZ5214. Unfortunately, the multi-cycle procedure was
found to be inappropriate for the following reasons:

1) Repeated bake and deposition of PR will generate a lot of nitrogen gas,

causing many bubbles formed in PR.

2) The defects formed in the first layer will influence the quality of the

following layers.

3) The first and second layers are over-baked in the repeated process.

4) It is hard to precisely control developing time.

As a result, the AZ 5214E was replaced by AZ P4620, which can generate a
much thicker layer, from 5 um to 20 pm, depending on the spin speed. The process
parameters for two photoresist are listed in Table 5.1. In this study, a spin speed of 1000
rpm gave ~15 pum thick photoresist by a single deposition. After deposition, the multi-
exposure and developing processes were performed to get the desired pattern.

For the second cantilever patterning and back-side etching, the same resist process

described above was used.
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Table 5.1 Comparison of process conditions of two photoresists for cantilever patterning

Thickness ) Exposure .
) Spin speed Prebake ) Developing
Resist | per layer time
(rpm/acc/time) | (°C/min) (min/developer)
(um) (sec)
AZ 5 500/500/50 105/1 12 1/ AZ400K(1:3)
5214E '
AZ 25x3, 3.5-4/
P4620 -1 10007250730 | 110715 Interval-60 | AZ400K(1:2.5)

5.1.2.2 Etching

Etching is to selectively remove deposited films or parts of substrates to make
desired patterns and/or shapes. This process involves the removal of a solid surface of a
material by physical and/or chemical means. Wet chemical etching and dry etching
(sputtering, ion beam milling, reactive ion etching, plasma etching, etc.) are used in
fabrication processes to make the desired MEMS.

Wet etching is the process of removing material by immersing the wafer in a
liquid bath of the chemical etchant. It can be categorized as either isotropic etching or
anisotropic etching. Isotropic etching has a uniform etch rate at all crystal orientations.
For isotropic etching of silicon, the most commonly used etchants are mixtures of
hydrofluoric (HF) and nitric (HNOs) acids in water or acetic acid (CH;COOH) [132]. The
reaction between Si and the etchant system (HNA) is

Si+HNO, +6HF — H,SiF, +H,NO, +H,0+H,
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Ethylene-diamine-pyrocatecol (EDP), potassium hydroxide (KOH) and hydrazine
are usually used as anisotropic etchants of silicon, etching silicon along different crystal
orientations with different etch rates.

Dry etching is based on plasmas, fully or partially ionized gas molecules and
neutral atoms/molecules sustained by the applied electromagnetic field. Plasma etching
processes involve highly reactive particles in a relatively cold medium. The gas and flow
rate, excitation power, frequency, reactor configuration and pumping determine the
electron density and distribution, gas density and residence time defining the reactivity.
These parameters, along with wafer parameters, define the surface interaction and etching
characteristics.

In this study, dry etching was chosen over wet etching, due to dry etching’s
excellent shaping ability, such as good control of etch rate, directionality of etching, high
resolution and less undercutting. There were two types of ICP etch source used in
fabrication of PZT cantilevers: Advanced Oxide Etcher (AOE) for PZT, metal and oxide
layer etching and Advanced Silicon Etcher (ASE) for Si etching.

For the application of AOE, various gases and their mixtures are widely used. The
most favorable gases are CHF3;, CF4 and SF¢ combined with Ar or C,Fs. In order to
achieve a high oxide etch rate, good selectivity to the utilized mask material and an
improved ability to etch substantially narrower features to ever greater depths without
excessive RIE lag, various combinations of process parameters such as coil and platen
power, pressure, gas flow and bias were tested in the experiments [131]. The optimized

parameters and detailed recipe for AOE were listed in Park’s dissertation [131], and
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found to be able to provide a moderate etching rate without damaging the PZT films or
over-etching the photoresist mask.

Similar experiments were performed for obtaining optimized ASE parameters
[131]. Different from AOE, larger etching depth is required in silicon etching, therefore
two modes are alternately repeated to achieve nearly vertical structures:

1) A nearly isotropic plasma etching. The plasma contains some ions, which

attack the wafer from a nearly vertical direction. (For silicon, this often uses

sulfur hexafluoride [SF¢])

2) Deposition of a chemically inert passivation layer. (C4Fg source gas yields

a substance similar to Teflon.)

In this study, the etching process was performed first and lasted for 13 seconds,
using SF¢ and O,. Then the passivation process continued for 7 seconds with C4Fg as
etching gas. The passivation layer protects all surfaces from further chemical attack and
prevents further etching. However, during the etching phase, the directional ions will
attack the passivation layer at the bottom of the trench, but not along the sides. Therefore,
the repeated etching/deposition steps will result in a smooth and vertical wall.

Since we want to achieve a different Si substrate thickness in three different
regions on one wafer, the photoresist will be deposited onto an etched area as a protective
mask to prevent further etching before the etching process continues. The schematic

front-side etching process was shown in Figure 5-8.
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Figure 5-8 Schematic of the front-side etching for the PZT cantilevers
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5.2 Experimental setup and measurement of electric properties of PZT cantilevers
with different Si thickness

The thickness of the Si substrate of the PZT cantilevers was measured by SEM
(JEOL 7000 FE). The polarization hysteresis loops and dielectric properties were
characterized by the TF-2000 analyzer and 4192A impedance analyzer as described in
Chapter 3.4. The major instrumentation in the experimental setup for the measurement of
piezoelectric coefficients and tip-deflections of the cantilevers, shown in Figure 5-9,
includes a Keithley 617 programmable electrometer, a MTI2000 Fotonic Sensor (MTI
Instruments, Albany, NY) and an oscilloscope (Tektronix, TDS3014B). The applied
voltage was provided by the electrometer, changing from -30V to +30V. In order to
reduce errors caused by ambient noise and unstable readings etc, the voltage was
increased by 2V every time, which can generate relatively large deflection. The tip-
deflection of the cantilever was recorded by the Fotonic Sensor. By connecting the
Fotonic Sensor to the oscilloscope, the voltage output of the Fotonic Sensor,
corresponding to the tip-deflection of the cantilever, can be monitored when we apply the
sine-wave signal to the cantilever. Finally, the effective transverse piezoelectric
coefficient can be calculated from Equations (5-14) & (5-15), which are related to the tip-

deflection, dimension and mechanical properties of samples.
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.- Fotonic Sensor

Figure 5-9 Setup for measurement of piezoelectric coefficients of the

cantilevers

The Fotonic Sensor (FS) is a dual-channel, fiber-optic system which can perform
noncontact displacement and vibration measurements [133]. It will not impose load on
the measuring surface with fiber-optic technology. This is very useful for the
measurement of displacement in the case of a PZT cantilever, where special attention is
required to avoid the damage of the very thin Pt electrode layer and the cantilever itself.
FS is based on the principle of intensity modulation of reflected light. The light is passed
through one fiber and it is made to incident on the surface of the object. The light
reflected from the surface is captured by the other fiber. The intensity of detected light

depends on the distance between the object surface and probe tip (Figure 5-10).
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Figure 5-10 Schematic of displacement sensing mechanism of FS

There are two linear ranges within which the deflection of PZT cantilevers under
applied electric filed can be measured (Figure 5-11) [134]. Range 1 has a highly sensitive
positive slope response from direct contact to the optical peak. Range 2 has a less
sensitive negative slope of the response extending from the peak to larger gaps. The
optical peak is the zero slope portion of the response curve, where the maximum reflected
light was captured by the receiving fiber. Range 1 provides higher sensitivity, however, it
also provides a smaller range of measurement. Range 2 provides a relatively larger
measurement range with a lower resolution. Selection of the range type will depend on
the details of the measurement. The specific parameters (measurement range, resolution,
et al) of the probe module can be found in the instrument manual [133]. In this study,

2032R and 2032RX module were employed.
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Figure 5-11 Typical calibration curve of FS

5.3 Analytical model for predicting the distribution of residual stress in PZT

cantilever

As discussed before, residual stress is one of the most important factors that affect
the electrical properties of PZT films. Therefore, investigation of stress distribution in the
released PZT cantilevers will greatly help us to design the structures of devices and
improve their performance. In this study, the microstructure, orientation and process
conditions of the PZT film layers of the devices are the same; the residual stress will be

the function of Si substrate thickness.
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In the case of PZT film with un-etched Si substrate, the residual stress originates
from the growth of film and the heat treatment. Since the same experimental conditions
were employed to fabricate the PZT films on the Si based wafer, the residual stress
conditions in the multilayer should remain constant. However, after PZT cantilevers were
released through back-side etching, the structures will bend due to the removal of the
constraints, resulting in a partial relaxation of the stress and different residual stress
distribution [135]. Thus, the residual stress of released PZT cantilever consists of two
parts: (1) the initial one in the constrained planar state, which causes the PZT cantilever
to deform after constrains are removed; (2) the one from the bending of the devices.
Figure 5-12 is the schematic of the stress distribution of the PZT multilayered structure.
Figure 5-12 (a) shows the initial stress distribution. Figure 5-12 (b) shows the stress
distribution caused by the bending of the released PZT cantilever.

The residual stress in the released PZT cantilever can be expressed as the
following equation:

O (2)=0,+0,,(2) (0<z<t) (5-1)
where oy 18 the residual stress in the released PZT cantilevers, z is the distance from the

bottom of the structure, and t is total thickness of the PZT film structure.
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Figure 5-12 Schematic of the stress condition (a) an arbitrary profile of the

distributed stress in the constrained PZT thin film (b) the “bending stress”

During the cooling process, PZT will experience a structural phase transition
from a high-temperature paraelectric phase into a low-termperature ferroelectric phase.
Since the Si substrate is much thicker than other layers, we may estimate the initial
stress resulting from the thermal mismatch between film and substrates according to the
following equations [136]:

o (M) =l —a®)650-T)E, /(1-v,) for T>T, (5-2)

para

o, (T)= [(a"ZT —a*)(650-T ) +(afrl —a®)(T, —T)] E,/(1-v,) for T<T, (5-3)

para

where a;’f; , aisy, and o are the coefficients of thermal expansion (CTEs) of

paraelectric , ferroelectric PZT and Si, respectively. The corresponding values are
6.1x10°K ™" [137], 32.1x10°K™" [137]and 5.0x10°K™' [138]. E¢ ,v¢ are the modulus and

Poisson’s ration of the PZT film, respectively. T~300°C is the Curie temperature for the
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PZT films [136]. The annealing temperature we used in experiments for crystallization
of PZT is 650°C.

According to previous experimental results, we know the modulus for (111)-
oriented PZT film is 152GPa and the Poisson’s ratio is 0.3. Therefore, the calculated
residual stress at room temperature (25°C) is 1.73GPa. In chapter 3, we reported that the
measured residual stress in (111)-oriented PZT film is 95.5MPa by Raman. Since the
same fabrication conditions of PZT films were employed in both cases, the residual
stress value in un-released PZT cantilevers should be close to those in PZT films
discussed in chapter 3; however, the calculated value is much larger than the one we
measured. Zhao et al [136] reported similar phenomena. They pointed out that the
relaxation of film stress may be a possible reason to decrease the film stress level, by
means of the evolution of the electric domain, Ti diffusion or dislocation nucleation. Xu
et al [139] also found that various stress-relief mechanisms, such as dislocation
nucleation and multiplication, film cracking, surface roughening, etc., will operate to
release the residual stress as film thickness increases. Therefore, the calculated value
significantly overestimates the residual stress in the PZT film due to the influence of one
or more stress relaxation mechanisms. For the calculation of the residual stress
distribution in PZT cantilevers, the measured initial stress, 95.5MPa, will be employed.

The Stoney’s equation is widely used for assessing the stress from the curvature
[135, 140-143]. Equation (5-4) is the expression of Stoney’s equation for the residual

stress of a film-substrate structure [143].

32
:Ests K

o (5-4)

Og
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1-v

where o, is the residual stress in the film, E, = is the biaxial modulus of the

substrate, K is bending curvature of the structure and t; , t, are the thickness of the

substrate and film, respectively.

However, the application of Stoney’s equation requires a thin-film approximation
which usually needs a film to substrate thickness ratio of less than 1% such that the error
does not exceed 5%. Since the designed Si thickness varies from 500pm to 65um,
Stoney’s equation may not be accurate enough to evaluate the residual stress distribution
in PZT cantilevers with a wide range of Si thickness. The following work will assess the
accuracy of Stoney’s equation when the film/substrate thickness ratio varies from 0 to 0.5.

Klein [143] gave an equation based on Townsend’s work [144] to describe the
stress distribution in the film, accounting for the planar contribution resulting from the

initial strain mismatch plus the bending contribution, which is expressed as follows:

, E.t t, +t,
0, (2)=E, | =/—=—A¢g,+ (= -0-7)K 5-5
(2)=E, EL+Eq, O ( ) (5-3)
. By, . . :
where E; =—— is the biaxial modulus of the film, A&, characterizes the strain

I-v
mismatch prior to any mechanical relaxation.

ELEN )

K= , , Ag, 5-6
G(Ests+Eftf) ‘ ( )

G=Ei(t, /2-t,/6-0)—E/t, [t,(t,+t, /2)+t] /6+0(2t, +1,) | (5-7)
The parameter &,

tt; (B, —E)

= (5-8)
2(Ests + Eftf )

99



specifies the position of the neutral plane, which deviates from the half-thickness plane
for bilayered structures having different elastic moduli.

The first term of Equation (5-5) in the square bracket represents the initial stress
contribution resulting from strain mismatch and the second term represents the bending
stress contribution. For the time being, we assume the PZT film structure as a two-layer

structure by ignoring other very thin layers and the residual stress is uniform in the film.

With z set equal tot, +t, /2, we thus obtain the average stress in the film according to

Equation (5-5)

— E.t t
o, =E;,| ———A¢,-(=+60)K 5-9
f f{&E+E& 0(2 ) } (5-9)
Combined with Equation (5-4), the ratio of average stress to the “Stoney stress”

can be expressed as follows:

or SBM__EL s L0, (510
o, Et |Et+Et tK 2 t

with ¥ =E; / E.,o=t, /t, the equation (5-10) can be rewritten as follows:

5_ 1+y8°
oy 1+0

(5-11)

an “error” is then defined to assess the accuracy of the Stoney’s equation, which is listed

below:
&y =(0g—07)/ o, (5-12)
substituting in Equation (5-11) leads to,

S(1-yp0°
£q =—5+7§3 ) (5-13)
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With Egi=163GPa [145] and Epzr=152GPa, the dependence of error on the
thickness ratio can be obtained, as shown in Figure 5-13. The error increases as the
increasing thickness ratio, which means Stoney’s equation becomes less accurate as the
thickness of Si substrate decreases. 1% error corresponds to 100 um Si substrates in the
curve. Therefore, when the Si thickness is above 100um, application of Stoney’s equation
will not result in serious error and the cantilever bending could be very small and
negligible. Consequently, the influence of cantilever bending on residual stress
distribution in PZT film is not so significant and the initial strain mismatch dominates.
Since the initial strain is almost the same, the residual stress condition in PZT cantilevers
with Si substrate larger than 100 um could be expected to be similar. For PZT cantilevers
with thinner Si substrate, Equation (5-9) should be employed to describe the residual

stress distribution.

0.5

0.3r b

Error

0.2r b

0.1F b

L L L L L L L
0 0.05 0.1 015 02 025 03 035 04 045 05
Thickness ratio of PZT thin film to Si substrate

Figure 5-13 The errors involved in using Stoney’s equation to calculate the residual stress

in PZT film structure with varying Si thickness
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5.4 Results and discussion

5.4.1 Si substrate thickness measurement

The fabricated cantilever arrays on the whole wafer are presented in Appendix C
and the released cantilever arrays are shown in Figure 5-14. Since the well-known lag
effect during the DRIE results in various etching rates [131] on different feature sizes and
the non-uniform distribution of plasma also causes different etching rate in different
regions, the actual Si thickness of each cantilever in different positions of the wafer will
be different from the designed one. This was also demonstrated by the observed various
releasing times of the cantilevers. During the back-side etching process, the cantilevers
experiencing a high etching rate will be released at first; however, since the etching
process will be continued until the last one is released, the excess etching time will
generate some thinner cantilevers than expected. To accurately determine Si substrate
thickness for each cantilever, SEM characterization was employed. The cantilevers were
detached from the anchors after the electric properties were measured and then vertically
attached to the sample holder so that the cross-section could be focused on directly.
Figure 5-15 shows a SEM image for a PZT thin film structure cross-section. Several
locations of the cross-section were employed to obtain the average value of film
thickness. At each location, at least 3 tests were performed to get the average film

thickness for the specific location. The measured values were summarized in Table 5.3
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(a)

(b)

Figure 5-14 Picture of fabricated cantilever array (a) front view (b) back view
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Auburn : 200kv X850 10pum WD 11.0mm

Figure 5-15 The cross-sectional SEM image of a PZT thin film structure

5.4.2 Calculated residual stress by the developed model

Figure 5-16 shows residual stress and bending curvature as a function of Si

substrate thickness, which was determined by substituting parameters of PZT film and Si

substrate into Equation (5-9).
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Figure 5-16 The plots of (a) the residual stress and (b) bending curvature as a function of
Si substrate thickness

It was observed that residual stress decreases as Si thickness decreases. When the
Si thickness is close to ~30um, the reduction of residual stress starts to become
significant. However, the serious bending of the cantilever has not started, as indicated by
the bending curvature in Figure 5-16 (b). This is probably due to the thick Si substrate
which suppresses the influence of the residual stress. As Si thickness keeps decreasing,
the Residual stress-Si thickness curve becomes steep and residual stress decreases rapidly,
which indicates the bending contribution to the residual stress becomes significant. After
reaching the minimum value at 1.95 um of the Si thickness, the tensile residual stress
begins to increase. This should be attributed to the bending induced tensile stress
transiting from the substrate to the film as the neutral axis approaches the PZT film.

For the verification of this model, the tip displacement and remaining Si substrate
thickness of two released cantilevers with length of 6mm (Figure 5-18) and 8mm (Figure

5-19) were measured by SEM. The obtained values were listed in Table 5.2.
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Table 5.2 Comparison of calculated curvatures from the experimental results and

developed model for two cantilevers

Length | Tip disp. | Sithickness | Curvature | Curvature Residual stress

(mm) (um) (um) (Eq.5-17) | (model) (MPa)

1 6 7.9~10.7 87.97 0.44~0.6 0.49 90.93~89.86,90.60

2 8 10.2~12.3 99.99 0.32~0.38 0.38 91.58~91.10,91.10

It is known that the reciprocal of the curvature radius (R) of a curve w(x), namely,
bending curvature (K), equals the value of the second derivative of w(x) [146], as listed

below,
1 .
K:E:W(X) (5-14)

For the cantilever structure (Figure 5-17), with boundary conditions:

w(0) =0,w (0) =0, the solution of Equation (5-14) is
w(x)—ix2 (0<x<L) (5-15)
2R T

where L is the length of the cantilever.

Then the tip displacement & can be written as

5=W(L)=$L2 (5-16)

The corresponding bending curvature will be

26

K—F (5'17)

106



A
v

Figure 5-17 The schematic of the deformed cantilever

Substituting the length and measured tip displacement of the cantilevers into
Equation (5-17), the bending curvatures can be determined. Due to the large gap between
the cantilever and anchor, they couldn't be focused simultaneously. Therefore, the
estimated tip displacement is in the range of 7.90um to 10.70um for the 6mm long
cantilever, and 10.2pm to 12.3um for the 8mm long cantilever, respectively. The
measured tip displacement of the 6mm long cantilever is in the range of 7.90um to
10.70um. The corresponding bending curvatures calculated by Equation (5-17) were
listed in Table 5.2.

With the measured Si thickness, the bending curvature can be calculated based on
the developed model (Eq.5-6~Eq.5-8). The results were also listed in Table 5.2, which
reasonably match the calculated results by Equation (5-17) based on experimental data ,
with no significant difference was observed. Substituting those curvature values into

Equation (5-9), the corresponding residual stress values can be obtained. The calculated
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values based on Equation (5-17) were found to match rather well with those based on the
developed model for both cantilevers. Therefore, the model will be able to predict the

residual stress condition in the released cantilever if we know the stress condition in PZT

film.

Auburn 5 2 X400 104 m WD 15.7mm

Auburn 5 200 200 10pm WD 16.5mm

(b)
Figure 5-18 SEM images of (a) the cross-section of Si substrate (b) free end of the curved

cantilever (6mm)
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Auburn 5 . X400 10 n W

Auburm S {1,200 10pm WD 23.5mm

(b)

Figure 5-19 SEM images of (a) the cross-section of Si substrate (b) free end of the curved

cantilever (8mm)

5.4.3 Electrical properties and piezo-response of PZT cantilevers with different Si

substrate thickness
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It is known that the electric properties of ferroelectric films depend on many
factors such as composition, microstructure, orientation, film thickness, interface between
the electrode and the film, residual stress etc [116, 120, 147, 148]. In this work, since
other factors have been held constant, the change of residual stress due to varying Si
thickness is expected to be the exclusive reason which results in variations in the
ferroelectric properties, dielectric properties and piezoelectric property. After lithography,
patterning, etching and cleaning processes, some of the obtained devices were found
broken, and the top electrodes of some cantilevers were peeled off. The ¢ type of
cantilevers were found to be least damaged and included a broader range of Si thickness.
Therefore, they were chosen for investigation of the Si thickness dependence of electrical

and piezoelectric properties.
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Figure 5-20 Ferroelectric hysteresis loops measured at maximum applied voltage of

25V for all cantilevers
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Figure 5-21 The remanent polarization as a function of the applied voltage for all

cantilevers
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Figure 5-22 The remanent polarization as a function of the Si thickness
The polarization hysteresis loops for cantilevers with different Si thicknesses were

measured at a maximum applied voltage of 25V, as shown in Figure 5-20. The plot of the
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remanent polarization as a function of the applied voltage was given in Figure 5-21.The

values of remanent polarization are the average of the positive and negative remanent

polarization values (P, ,, =(|P"|+|P"|)/2). The remanent polarization value increases as

the voltage increases and eventually reaches a relatively constant value, which is
considered the saturated value. In this work, the value at an applied voltage of 25V was
employed and listed in Table 5.3 for all of the samples. The Si substrate thickness
dependence of remanent polarization was shown in Figure 5-22. The value decreases as
the Si substrate thickness increases at the very beginning and becomes relatively constant
as the Si thickness reaches a critical value. This is expected because the residual stress
increases as Si thickness increases; however, the change of residual stress will not be
significant as the Si substrate becomes relatively thicker, as we demonstrated by using the
model developed previously. It is known that residual stress affects the reorientation of
perovskite domains [149-151]. Compressive stress usually results in the domains
orienting along the longitudinal direction of the sample. Tensile stress, however, tends to
causes the domains parallel to the lateral direction. Since the polarity in PZT is along the
longer ¢ axis [151], the residual tensile stress will cause the reduction of ferroelectric

properties.
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Figure 5-23 Field dependence of the dielectric constant of all cantilevers
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Figure 5-24 The dielectric constant as a function of the Si thickness

Figure 5-23 illustrates room temperature dielectric constants of PZT cantilevers

with different Si thicknesses as a function of dc bias at 1000Hz. The typical symmetric
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“butterfly”” curves were observed for all samples. The Si substrate thickness dependence
of dielectric constant is shown in Figure 5-24. This tendency is very similar to the one for
ferroelectric properties. Many researchers reported that the dielectric constant decreased
as tensile stress increased [116, 150, 152]. It has been suggested that the reduced
properties were attributed to increasing suppressing effect of residual stress on the
polarization switching and domain motions. In addition, Fu et al. proposed a modified
Devonshire theory to quantitatively evaluate the stress dependence of dielectric constant
[153]. The free energy of the PZT material was described as a function of polarization
and stress based on conventional Landau-Devonshire approach. Under the assumption of
only a biaxial stress in the plane of the film, which is true in the case of PZT film, the

relationship between the residual stress and dielectric constant can be expressed as:

-1
%s = Constant (>0) (5-14)
oo

This equation clearly shows that the dielectric constant will decrease as the

increasing residual stress (tensile).
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Figure 5-25 Tip displacement of the cantilevers as a function of the applied voltage
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Figure 5-26 The piezoelectric coefficient ds; as a function of Si thickness
Figure 5-25 shows the tip displacement of PZT cantilevers with different Si
thicknesses as a function of applied electric field. It is a plot of the simple displacement
of each cantilever and therefore cannot be used as a direct comparison of piezo-response

because of differences in Si substrate thickness and effective beam length. Therefore, the

following equations were used to calculate the effective coefficients ds;,

4EE tt, (2 +t0)+Et! + Ejt] +6E.E tt]
Oy e =— - h (5-15)
: 3E.E t (t, +t, )LV

where h is the tip displacement of the PZT cantilever under 24V DC voltage. Es and E¢
are modulus (E~170 GPa and E~=152 GPa’! ), I and tethe thickness (t=1.13[um]), of the
Si substrate and PZT cantilever. L is the effective cantilever length. The calculated
effective di; values were listed in Table 5.3 and the evolution of the effective ds; as a

function of the Si substrate thickness was shown in Figure 5-26. - d3; ¢ decreases quickly
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at small Si thickness and becomes relatively constant at a larger Si thickness. The Si
thickness dependence of the piezoelectric coefficient (ds; cf) is also related to a varying
residual stress condition in the PZT film. The residual stress was reported to result in
ferroelectric domain pinning [154], which results in reduction in both linear and

nonlinear contribution from domain motion to the piezoelectric coefficient [116].

Table 5.3 Summary of measured properties of PZT cantilevers

Displacement

. Remanent Dielectric h.of the ' Effeptwe Si Calculated
Cantilever | _ 0 - tion constant | cantilever tip | cantilever | thickness q

# p (uClemd) at under 24V length L |8 ( ms/lV)

H 1000Hz | DC voltage (mm) (um) p
(pm)

6-11-1-1 N 1046.65 - - 40.44 -
6-7-3-1 18.97 1023.72 47.06 3.7 57.46 176.15
6-17-3-1 - - 34.12 3.7 75.28 153.24
6-7-1-1 16.58 - 13.24 3.7 98.16 142.43
6-7-4-1 - 1025.66 12.06 3.6 104.82 149.33
6-17-2-1 - - 10.00 3.7 110.59 150.85
6-5-3-1 16.46 1035.19 - - 127.69 -

*- indicates the devices were shorted or damaged after certain measurement. Therefore, the data are not available.

5.5 Chapter summary

Cantilevers with different sizes and Si thickness were designed and fabricated.
The Si thickness was measured by the SEM. The ferroelectric, dielectric and piezoelectric
properties (ds;) were measured and analyzed. The commonly used Stoney’s equation was

found to be infeasible to evaluate the residual stress condition in PZT cantilevers with Si
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thickness less than 100 micron. An analytical model was developed and used to predict
the residual stress condition in the released PZT cantilevers. The calculated results were
similar to the measured experimental results.

It was observed that the ferroelectric, dielectric and piezoelectric properties of
investigated PZT cantilever showed very similar Si thickness dependence. The measured
values decrease with increasing Si thickness at the beginning and become relatively
constant as Si thickness increases. The change of these properties was attributed to the
different residual tensile stress conditions in PZT cantilevers with varying Si thicknesses.
A PZT cantilever with a thicker Si substrate will experience less bending contribution,
thus resulting in smaller relaxation of the stress. The higher residual stress level causes
larger reduction of polarization switching and domain mobility, which is indicated by the

lower measured properties.
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Chapter 6 Conclusion and Future Work

6.1 Conclusions

The effects of the structural layer in substrates on the mechanical and electrical
properties of Pb(Zrs:Tig4s)O3 films for MEMS were investigated. The PZT films were
deposited by a sol-gel method on platinized silicon substrates where silicon nitride and
silicon oxide were used as a structural layer. The mechanical properties of PZT films
were characterized by nanoindentation. The ferroelectric and dielectric properties as a
function of film thickness and layer material were investigated. Residual stresses in PZT
films were also characterized by Raman spectroscopy. The use of a structural layer such
as silicon dioxide or silicon nitride resulted in a difference in the Young’s moduli of the
PZT films obtained from nanoindentation measurement. The flat region modulus values
at small depths represent the combined response of PZT films and substrates and scale
with the substrate modulus. The measured Young’s moduli of the PZT films on SiNx-
based substrates show higher values than those of the PZT films on SiO,-based substrate
for indentation depths up to 2200nm. The results indicate that the substrate effect may be
unavoidable during the whole indentation process without a complete analytical solution
in order to extract the true values from the flat region of the modulus values; however,
the structural layer does not show significant influence on the hardness of PZT films. The

measured values were about 8.8GPa because the plastic deformation was entirely
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contained in PZT film due to the harder substrate material. Irrespective of the types of
structural layer, similar electrical properties were observed in the characterized PZT
thickness range. Similar microstructure and texture of the PZT films in addition to
residual stress conditions determined by Raman characterization appear to be the reasons
for similar electrical properties.

To extract the film modulus value from the measured flat region and get the true
crystalline orientation dependence of the modulus of PZT film, a new model of film
indentation based on discontinuous transfer of elastic strain was employed to assess
properties. The crystalline orientations of the PZT films on two different types of
substrates were controlled by both a chelating agent and pyrolysis temperature. It was
found that the measured modului of PZT films on the two types of substrates showed
similar orientation dependence (Eoo1>E111>E10,111)) but distinct values, which indicated a
clear substrate effect. By using the new model, the effects of film orientation and
structural layer type on the Young’s modulus were deconvoluted. PZT films with
significant (001) and (111) orientation appear to agree well with less than two percent
difference between their average values for two substrates. For PZT films with mixed
orientation of (110) and (111), it was observed that the modified modulus of PZT film on
SiNx-based substrate is still larger than the one of PZT film on SiO;-based substrate. This
result could be attributed to the fact that the (111) orientation account for a large portion
of the measured modulus since we randomly chose the indentation positions.

PZT cantilevers with different sizes and thicknesses were designed and fabricated.
The ferroelectric, dielectric and piezoelectric properties of the MEMS devices were

measured and the Si thickness dependence of those properties was investigated. Results
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obtained show that varying Si thickness changed the residual stress condition in the PZT
cantilever, due to the bending contribution stemming from the curvature K. The
developed model appears adept at predicting the residual stress in the released cantilevers.
The residual stress increases with increasing Si substrate and becomes relatively constant

as the Si substrate thickness is getting larger, as do the measured properties.

6.2 Future works

The structural layer was proved to affect the measured mechanical properties due
to the substrate effect. Meanwhile, it was also found to result in different fracture
behaviors when a high load was applied to the samples. One of the major concerns of
MEMS devices is their relatively poor reliability caused by the fracture, delamination and
fatigue degradation of their multilayer structure. Therefore, it is necessary to perform a
study on the influence of the structural layer on fracture behavior of PZT thin film and
MEMS devices. Nanoindentation is still a very useful, commonly used tool.

In the finished work, the multilayer structure was assumed a three layer structure
by ignoring several thin layers to extract the film modulus. The experiment will generate
more accurate results if a multilayer model can be developed.

The Si thickness of the PZT cantilevers could be precisely controlled if a SOI
wafer was used for fabrication. The model for predicting the residual stress in the PZT

cantilevers could be improved by considering gradient stress.
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Table A.1 Parameters for sputtering Ti and Pt

Appendix A

Base pressure (Torr) 5x10° Substrate Si/Si0,
DC sputtering DC sputtering
Target Material Pt Ti
Pre-Sputtering Power (W) 100 400
Pre-Sputtering time (sec) 20 25
Sputtering Power (W) 100 400
Sputtering time (sec) 360 25
Gas 1 (Ar) flow rate
25 25
(scem)
Gas 2 (O2/N,) flow rate
(sccm)
Deposition Pressure 5 5
(mTorr)
Deposition Temperature
0 R.T R.T
(0
Substrate holder rotation
50 50
(%)
Ignition Pressure
(mTorr)
Expected Film Thickness
120 10
(nm)
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Appendix B

Table B.1 Fabrication details of PZT cantilevers with different thickness

Fabrication

Procedure Thickness Experimental conditions
method
Dehydration of | Microprocessor 120°C.20min
PZT wafer oven
Promotion of 12-15 drops in the glass chamber,
PR adhesion HDMS Smin
Top electrode 3QOO rpm (1)500 acc 30s, soft bake
patterning Lithography 2um Imin @110°C, UV exposure 6s, AZ
(nLOF 2035) 300K MIF develop 1~l.20m1n, post
bake 1 min @ 110°C
Electr.o.de Sputtering 120nm 100 W (DC), 360 sec, 25 sccm Ar
deposition
Lift-off Acetone, Methanol, DI water rinse
1000 rpm 250 acc 30s, soft bake
1* cantilever 1.5min @110°C, (UV exposure
patterning Lithography ~15um 25s+60 interval) 3times, AZ 400K
(AZ P4620) (1:2.5)develop 3.5~4 min, hard bake
1 min @ 120°C
Front-side
etching&bottom | DRIE-AOE ~1.75um 600W(c), 150W(p), .3OSCCH’1(SF6),
240 V bias
electrode access
1000 rpm 250 acc 30s, soft bake
2% cantilever 1.5min @110°C, (UV exposure
patterning Lithography ~15um 25s+60 interval) 3times, AZ 400K
(AZ P4620) (1:2.5)develop 3.5~4 min, hard bake
1 min @ 120°C
Front-side SiO; 600W(c), 150W(p), 30sccm(SF6),
etching DRIE-AOE >00nm 240 V bias
Etching: 600W(coil), 12W(platen),
Front-side Si DRIE-ASE 250/125/ | 130 sccm (SFs), 13 sccm (0O2), 13 sec;
etching 65 um Passivation : 600W(coil), 0OW(platen),
C4F3 85 scem, 7 sec;
1000 rpm 2500acc 30s, soft bake
Back-side . 1.5min @110°C, (UV exposure
patterning Lithography ~15pm 25s+60 interval) 3times, AZ 400K

(1:2.5)develop 3.5~4 min, hard bake
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1 min @ 120°C

Back-side SiO;

600W(c), 150W(p), 30sccm(SF6),

etching DRIE-AOE >00nm 240 V bias
Etching: 600W(coil), 12W(platen),
. . 130 sccm (SFe¢), 13 scem (O2), 13 sec;
Back-side Si DRIE-ASE 250375/ Passivation : 600W(coil), OW(platen),
etching 435 um

C4Fs 85 scem, 7 sec; 17 mTorr, 230 V
bias
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Appendix C

Picture of fabricated cantilever array on the wafer
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