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Abstract

Lead zirconate titanate (PZT) ferroelectric films are attractive for application as
piezoelebtrics in microelectromechanical systems (MEMS) as a result of their
cbmparativeiy large piezoelectric coefficients. For effective utilization of PZT films in
these devices, knowledge of the temperature dependence of their eieciromechanical
response over the operating temperature range is necessary. However, to date, little data
is available in the literature that reports on the piezoelectric behavior of PZT films as a
function of temperature. The temperature dependence of the piezoelectric properties of
PZT films may deviate from their bulk counterparts due to factors associated with
clamping to a rigid substrate.

Thus, the goals of this research were (1) to design, fabricate, and characterize PZT
film-based piezoelectric MEMS accelerometers with high resonance frequency
(=20 kHz) and charge sensitivity (=1.0 pC/g), (2) to develop a method to measure the
effective transverse piezoelectric coefficient (e ) of films as a function of temperature
between -55 and 85°C (a common MEMS device specification), and (3) to characterize
the temperature dependence of e 3 1, of chemical solution processed PZT films of varying -
thickness and composition deposited on Pt/Ti/Si0,/Si substrates.

MEMS accelerometers utilized 6 pm-thick chemical solution deposited PZT
52/48 films deposited on Pt-coated Si substrates. Devices were processed using standard
sili?on processing techniques and deep-trench reactive ion etching (DRIE). A tradeoff
between sensitivity and resonance frequency was found to be closely related to the Si

beam thickness below the active PZT layer. The highest measured sensitivity for a

device with a resonance frequency 220 kHz was ~0.5 pC/g.
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Additionally, the modified wafer ﬂexure technique was developed to measure the
effective transvérse piezoelectric coefficient (e, of films as a function of temperature
between -55 and 85°C. Resistive heating and liquid nitrogen-cooling of the uniform
pressure rig enabled measurements above and below room temperature. The standard
clamping condition was adjusted to account for the therma,} expansion mismatch between
film-coated substrate and pressure rig. A strain gage, thermocouple, and top electrode
were positioned at the same radius near the center of the film-coated wafer during
measurement. ez was calculated within the -55 to 85°C temperature range by
simultaneously monitoring the piezoelectric charge output and strain in the film during |
wafer flexure. |

This method was used to characterize the temperature dependence of e3; yin PZT
films with 2 pum, 4 wm, and 6 pm thickness and 40/60, 52/48, and 60/40 Zr/Ti ratios.
les; 4 was found to increase with temperature and average increases were 46%, 32%, and
12% for films with PZT 60/40, 52/48, and 40/60 compositions, respectively.
Measurement uncertainty ranged from +3-12%. The measured temperature dependences
-of €317 Were consi_stent with the rapid rise in intrinsic d3; as T, is approached, suggesting
that they were controlled by intrinsic contributions.

Additional contributors to the measured variation in the PZT film piezoelectric
response over the measured temperature range were identified. Changes in film elastic
properties could have decreased measured ej, s values by 1--4% in heating from -55 to

85°C. Changes in the biaxial film stress with temperature were expected to account for

1-3% of the measured increase in e3, ¢ from -55 to 85°C.
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Chapter 1 : Introduction

Microelectromechanical systems (MEMS) technology unites conventional silicon-
based integréted circuit (IC) electronics with micro-scale sensors and actuators,’ Many
devices in this growing field rely on thin film piezoelectrics to produce the desired |
electromechanical response. Of these, lead zirconate titanate (PbZrTiy xOs), or PZT,
films are of great interest due to their large piezoelectric coefficients, which are an 6rder
of magnitude larger than those of more widely-used film materials such as zinc oxide
(Zn0O) and aluminum nitride (AIN).> However, PZT belongs to a claés of materials
known as ferroelectrics whose behavior is more complex than simple piezoelectrics, and
which often require higher processing temperatures. As a result, non-ferroelectric ZnO
and AIN films continu.e to be used in many piezoelectric MEMS applications.

Clamping to a rigid substrate changes the piezoelectric properties of thin films as
compéred to bulk ferroelectrics. Suppressed piezoelectric responses are a typical
consequence and several causes have been suggested. The constraints imposed by the
substrate can lead to (1) reduced extrinsic contributions to the piezoelectric response, (2)
considerable residual stresses on cooling from the film’s crystallization temperature, and
(3) decreased film strain due to the requirement that the rﬁassive substrate be moved
along with it.”

To date, little data is available that describes the way in which substrate clamping
modifies the temperature dependence of the electromechanical response of PZT. Since

piezoelectric MEMS devices are designed to operate over a finite temperature range, it is

essential that any changes in the piezoelectric properties of PZT films be characterized




over this range. With this knowledge, electronic compensation can be used to account for
variations in piezoelectric coefficients with temperature.

A major goal of this thesis was to determine the effective transverse piezoelectric
coefficients es;; of PZT films as a function of temperature with the aim of gaining a
better understanding of the influence of the substrate on the temperature dependent
piezoelectrié responses. To accomplish this objective, the wafer flexure technique® was
modified to enable temperature variable characterization. An attempt was made to
identify the mechanisms responsible for the observed piezoelectric temperature
dependence in PZT films. The succeeding chapters provide relevant background
information on both MEMS technology and lead zirconate titanate films, describe the
experimental methods by which films were prepared and characterized, aﬁd present and
discuss measured results. In addition, details of the desjgn, fabrication, and

characterization of PZT film-based MEMS accelerometers are included. Finally,

conclusions are drawn and suggestions for future work are offered.




Chapter 2 : Literature Review

2.1 Introduction

The objectives of this undertaking were to fabricate MEMS accelerometers
involving PZT films, characterize the temperature dependent transverse piezoelectric
behavior of the films, and gain insight into the mechanisms governing this behavior. To
this end, this chapter provides a short réview of MEMS devices, with a focus on
microaccelerometers, and background information related to PZT and the unique origin

of its piezoelectric properties.

2.2 Microelectromechanical Systems (MEMS) Devices

With the constant push for device miniaturization, microelectromechanical
systems (MEMS) have become an active research topic in recent years. Commercial
devices have been designed and fabricated for use in biom@dical, manufacturing,
information processing, and automotive industries, among others.

Some MEMS devices incorporate a piezoelectric material, tyi)ically in thick or
thin film form, to serve a sensing or actuating fuﬁction. When used in MEMS actuators,
the piezéelectric film produces motion when excited by an electrical signal. Asa Sensor,
it is used to generate an electrical signal in response to a mechanical sltress. Several
examples of piezoelectric MEMS devices are shown in Figures 2.1 through 2.3.

A piezoelectric microvalve is presented in Figure 2.1. Here, a piezoelectric film

capacitor is fabricated atop a non-piezoelectric cantilever support structure (silicon). By

applying a voltage across the film, the free tip of the cantilever can be controllably




displaced. For a PZT thin film-based microvalve, a vertical tip displacement of 2.1 um in

a 100 tm X 400 pm X 1.5 pum cantilever has been achieved with an applied voltage of

25v.2

Figure 2.1 Top view of PZT thin film-based piezoelectric cantilever microvalve.*

Figure 2.2 shows a MEMS micropump capable of transporting fluid through
cavity reservoirs. Each annular membrane is overlayed with a piezoelectric film
capacitor and pumping is achieved through the sequential actuation of these deformable
membranes.

An ultrasonic elastic fin micromotor is illustrated in Figure 2.3. A detailed
description of the operating principles of this device can be found elsewhere.” A
piezoelectric film actuates the membrane of the stator and motion of the membrane

structure toward and away from the fins is used to produce the torque in the rotor,




Figure 2.2 Top view of piezoelectric micropump with both input and output ports.4

gear
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Figure 2.3 Ultrasonic elastic fin micromotor.

2.2.1 Figures of Merit for MEMS Applications

A figure of merit based on a material property or combination of properties can be
established to compare different materials for a specific application. To point out some
of these relevant properties, Table 2.1 presents figures of merit in several MEMS

application areas. Candidate film materials and device operating phenomena are included

as well.




Table 2.1 Several MEMS application areas in which ferroelectric films are competitive -
candidates. Key materials, ghenomena, and figures of merit are given for each
category.®’ Symbols are defined below*.

Application Film Materials Phenomenon Figure(s) of Merit
Microsensors Pb(Zr, Ti)(O; Piezoelectric current mode: d
Zn0O €31f 2 Aazy
voltage mode:
AIN
esrl €335 djs,f/ Es3y
Microactuators - Pb(Zr, THO; Piezoelectric
Zn0O ess o iz
AIN :
Resonant Devices Pb(Zr,T1YO  Piezoelectric ki, Z
ZnQ
AIN
Infrared Detectors (Pb,La)(Zr,THO;  Pyroelectric :
PH(Ca, T, p/833,f , p/‘\/SBB,f tan
(Sr,Ba)Nby,O¢
Electro-Optic Devices LiNbO; Oyt .
_ (Pb,La)(Zr, THO Electro-Optic r,R,n,transmission loss

K(Ta,Nb)O:;

*e3; 4 transverse piezoelectric coefficient (C/m?)
ds3z. longitudinal piezoelectric coefficient (pC/N)
£33 permittivity
ki electromechanical coupling coefficient
Z:  acoustic impedance (kg/s-m?)

p: pyroelectric coefficient (C/m*K)
tan &: dielectric loss tangent
o primary electrooptic coefficient (m/V)
R:  secondary electrooptic coefficient (m*/V?)
n:  index of refraction

As far as piezoelectric MEMS are concerned, piezoelectric coefficients and

permittivities are found to be important design parameters. These will be described in

detail later in this thesis.




2.2.2 MEMS Accelerometers

In the above discussion, only MEMS actuator devices were presented.
Accelerometers are another important MEMS application and these fall into the class of
sensors. The popularity of these devices in recent years has been due primarily to their
wide range of automotive uses in safety, vehicle stability and electronic suspension
systems. In 1997, they were second only to pressure sensors for volume sales of silicon-
based sensors. However, with the prospect of bein g able to manufacture these miniature,
high-performance sensors at lower costs, the market is continuously expanding with
applications in consumer products, the biomedical field, industrial monitoring and the
military.®

Of the various types of accelerometers, including piezoresistive’ and capacitive, '
piezoelectric accelerometers offer advantages of a high Q (>80), high output impedance,
low damping, and a relatively large temperature range of operation.'' ZnO, AIN and lead
zirconate titanate (PZT) films have been employed in piezoelectric microaccelerometers.
Of tl_'lese candidates, PZT films exhibit the highest piezoelectric coefficients and cém
potentially offer {/ery high sensitivities. Thin film piezoelectric coefficients of PZT are
an order of magnitude larger than those of ZnO and AIN.!?

Numerous reports of MEMS piezoelectric accelerometers are available in the
literature,"*"7 mostly involving ZnO films, Figures 2.4 tﬂrough 2.8 present several of
these MEMS designs. The measured deyice characteristics are given when available.

Figure 2.4 shows one of the earliesf reported MEMS accelerometers. This
piezoelectric-film field~effe§t transistor (P.I-FET) accelerometer was developed by Chen

et al.’®

The device incorporated a thick silicon proof mass and a 2 pum sputtered ZnO




film served as the piezoelectric. A nearly flat frequency response of 5 mV/g was reported

from near DC to 2.5 kHz and the mechanical resonance occurred at 8.4 kHz.

Moy 2™ level SiO; sputtering Polycrystalline Si
[ 19 level Si0, sputtering [ Thermal SiO,

B Metallization NiCr/Al

Si _E’ucm

1 N-iypa Silicon Wofer

Figure 2.4 Cross-sectional schematic view of a PI-FET accelerometer developed by
Chen et al.P

A novel design for a thin-film PZT-based accelerometer is shown in Figure 2.5.1
In response to accelerations perpendicular to the substrate plane, a seismic mass exerts a
force across each of an array of PZT thin film pads and voltage is developed through the
direct piezoelectric effect. Damping is achieved through a viscous polymer that fills voids
between the pads. The design is unique in that it exploits the d33;rnode piezoelectric
response of the PZT film, where the primary stress in the film is directed along its
polarization direction. This ds;-mode response is typically about two times greater than
the dz;-mode response used in most MEMS accelerometers. Authors reported a
theoretical sensitivity of 320 mV/ 2, a mechanical resonance at 225 kHz, aﬁd lower and

upper cut-off frequencies of 1 Hz and 200 kHz, respectively. However, this device has

not been fabricated to date.
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Figure 2.5 Cross-sectional schematic view of thin-film piezoelectric accelerometer
demgned by Nemirovsky et al.'* The PZT pads are poled perpendicular to the substrate
plane.

Figure 2.6 shows a bulk micromachined piezoelectric accelerometers based on
ZnO that was fabricated by de Reus e al.”” Structures were capable of sensing
accelerations in either vertical or horizontal diréctions, depending on the pairing of inner
and outer electrodes. Configuration A was used to sense acceieratidn in the vertical
direction where deflection in the two support beams is symmetrical. For asymmetric
bending, which results from horizontal acceleration, configuration B was used. The
vertical sensitivity was reported as 0.1 pC/g with a resonance frequency above 4.5 kHz,

"The horizontal sensitivity was found to be two orders of magnitude lower.

In 2001, Devoe et al.'® presented ZnO-based surface micromachined piezoelectric
accelerometers (PiXLs), as shown in Figure 2.7. For the simple cantilever device, a
sensitivity of 0.95 fC/g and a resonance frequency of 3.3 kHz were reported. Higher

sensitivities were measured in the sacrificial Si processed PiXL: 13.3 fC/g and 44.7 iC/g

at resonance frequencies of 2.23 kHz and 1.02 kHz, respectively.
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Figure 2.6 Bulk micromachined ZnO-based piezoeiectric accelerometers fabricated by
de Reus er al.l’ (a) and (b) show top views of electrode pairing configurations A and B,
respectively, while corresponding cross-sectional views are shown in (c) and (d).
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Figure 2.7 Schematic cross-sections and SEM micrographs of ZnO-based surface
micromachined piezoelectric accelerometers (PiXLs) presented by DeVoe et al.'® The
cantilevers shown in (a) were fabricated using a sacrificial oxide process while the PiXL
shown in (b) was fabricated through a sacrificial silicon process.

Beeby et al. at the University of Southampton (UK) designed and fabricated a

bulk micromachined silicon accelerometer that utilized thick screen-printed PZT films."”
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A silicon inertial mass was suspended by four silicon support beams, each coated with a

60 um PZT film (Figure 2.8). Authors measured a sensitivity of 16 pC/g in the z-
direction. However, obvious design flaws and results that are not self-consistent place
this large reported sensitivity under doubt. From the design standpoint, a blanket top

electrode that spans the length of the beam is imprudent because stresses near the frame

and inertial mass are of opposite sign; a situation that will result in substantial
cancellation of charge output. Next, the reported mass and dimensions of the silicon
inertial mass did not correlate. Authors reported dimensions of 4 mm? x 525 LUm and a

17 mg mass but these dimensjons correspond to a mass of less than 5 mg for silicon’s 2.3

g/ce density.'® Furthermore, the voltage sensitivity (100 pV/g) was not consistent with
the charge sensitivity (16 pC/g) for the reported sensor capacitance (360 pF)." Finally,
low measured PZT thick film piezoelectric coefficients (3, = -33 pC/g) and Young’s

moduli (Y = 20 GPa) make the 16 pC/g reported sensitivity even more suspect.

.. PZT Element

Supperting

B
Top eam

Electrode Inertial
Mass

Figure 2.8 Top view schematic of thick film PZT/micromachined silicon accelerometer
reported by Beeby et al.'” The dimensions of the inertial mass, beam, PZT, and top
electrode were 2 mm X 2 mm, 975 um x 750 pm, 900 wim X 660 pm, and 800 pm x 420
Lm, respectively.
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In all of these designs, accelerometer sensitivity is dependent on the piezoelectric
coefficients of the sensing film, and the magnitude of the stress that can be imparted on
the film by the inertial mass. In order to obtain higher piezoelectric coefficients, there is

renewed interest in ferroelectric thin film-based sensors.

2.3 Lead Zirconate Titanate

As a consequence of its superior dielectric and piezoelectric properties, lead
- zirconate titanate has gained widespread popularity since its discovery in the mid-
1950s.2° Atlow temperatures (below =300°C) and in compositions across most of the

PbZrijPbTiOg, phase diagram, it is ferroelectric.

2.3.1 Ferroelectricity
2.3.1.1 Spontaneous Polarization

By definition, a ferroelectric material possesses a spontaneous polarization that
can be reoriented between two or more crystaliographically ecjuivalent States by a
realizable electric field. A spontancous polarization is one that exists in the absence of an
applied field. This phenomenon shares close analogy with ferromagnetism, in which
spontaneous alignment of magnetic dipoles occurs within localized regions below a |
critical temperature. Much of the ferroelectric terminology is borrowed from that
established in the field of ferromagnetism.

As a ferroelectric is cooled below a certain critical temperature, known as the

Curie temperature, T, relative atomic shifts cause a reorientable spontaneous dipole to

develop within each unit cell. At 7, there is a transition from a high temperature
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paraelectric phase to a low temperature fe?roelectric phase. Domains develop, and within
each domain, neighboring unit cells share the same polarization direction. The domain
structure forms as the material responds to both electrostatic and mechanical stresses. 2
In randomly-oriented polycrystalline ferroelectrics, the domain structure is
randomized upon cooling through Tc and there is usually little or no measurable
polarization at a macroscopic level. To use these materials as piezoelectrics or
pyroelectrics, they must be poled. In poling, a DC electric field is used (frequently at
elevated temperature) to reorient and align domains. When the field is removed, a certain
fraction of domains will remain aligned in the field direction, giving rise to a net
macroscopic polarization and the realization of piezoelectric and pyroelectric properties.
Electrostatic and mechanical stresses, in addition to the presence of local internal fields
(from defect dipoles, trapped charges, etc.) prevent complete alignment of dornaiﬁs upon

removal of the field and are responsible for the domain structure.”*

2.3;1.2 Polarization—;EIectric Field Hysteresis

The single most distinctive feature of a ferroelectric material is the
polarization—electric field hysteresis loop (Figure 2.9), which shows hdw the magnitude
and direction of the applied electric field affect the macroscopic polarization. Hysteresis
behavior results frqm switching of the ferroelectric domains and exemplifies the
reorientability of the spontaneous polarization.

Three important parameters are used to d.escribe the polarization—electric field

hysteresis loop of a ferroelectric and these are indicated in Figure 2.9. The saturation

polarization, Py, is the linear extrapolation of the high field polarization to zero field and
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represents the maximum degree of domain alignment possible at zero field. P, is the
remanent polarization, which is the net polarization retained upon removal of the field.

The coercive field, E,, is that required to return the net polarization to zero.

Figure 2.9 Polarization—electric field hysteresis loop characteristic of ferroelectric
materials. The saturation polarization (Ps,y), remanent polarization (P,), and coercive
field (E,) are shown.?!

2.3.1.3 Curie-Weiss Behavior

Ferroelectric materials commonly exhibit anomalously high dielectric
permittivities.20 In addition, in propér ferroelectrics, the dielectric constant shows a peak
at the Curie temperature. Above T, where the material is paraelectric, the Curie-Weiss

Law (Equation 2.1) describes the temperature dependence of the permittivity.

€ ~l=—r 2.1)

&, is the relative permittivity, C is the Curie constant (°C), T is temperature (°C), and T, is

the Curie-Weiss temperature (°C), not to be confused with the Cune temperature, T,.
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2.3.2 Characteristics of Lead Zirconaté Titanate
2.3..2.1 Structural Features

The PZT phase diagram is shown in Figure 2.10. The cubic paraclectric phase is
stable at high temperature and de.pending on the Zr/Ti ratio, there are transitions to either
tetragonal or thombohedral ferroelectric phases upon cooling through 7T,. Recently,
synchrqtron X-ray powdér diffraction analysi‘s revealed a monoclinic phase between the

well-known tetragonal and rhombohedral regimes.*

Pozr, TLO,
800

600+
£
= 4004

- 200

Figure 2,10 Phase diagram for the PbZrQ3;-PbTiOs solid solution system. Pg is the
cubic paraelectric phase. Fg, Fr, and Fy are the thombohedral, tetragonal, and
monoclinic ferroelectric phases, respectively. Data of Jaffe et al.*” are plotted as open
circles. Recent results of synchrotron x-ray powder diffraction measurements by Noheda
et al.”* are plotted as closed squares. The morphotropic phase boundary (MPB) is
indicated.

The cubic paraelectric phase of PZT exhibits the perovskite crystal structure
(Figure 2.11), which is the most important structure of inorganic ferroelectrics.”” The

ABO;s structure is comprised of corner-linked oxygen octahedra with the smaller B-site
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cations occupying sites within the octahedra and larger A-site cations occupying

dodecahedral sites between octahedra.

Figure 2.11 Schematic representation of the cubic (m3m) prototype structure of
perovskite ABO; compounds. The oxygen octahedron is highlighted. In Pb(Zr, Ti)Os,
A=Pb*, B =Zr" or Ti*, and O = 0%

The transition from the centrosymmetric prototype to any one of the non-
centrosymmetric ferroelectric forms of PZT is accompanied by a lengthening of the unit
cell along the newly developed polar axis. Slight shifts in the positions of A-site, B-site
and O ions result in a separation between the centers of positive and negative charge
within the unit cell and the creation of a dipole. To a first approximation, the shift of the
tetravalent B-site cation along the polar axis is responsible for the dipole moment. For
example, in the tetragonal structure, the central B-site cation is displaced along one of the
6 equivalent <001> directions, resulting in an elongation of the unit cell in that directioﬂ.
Similarly, a shift along one of the 8 equivalent <111> directions produces a
rhombohedral cell. To illustrate, Figure 2.12 shows the unit cell distortions in the
tetragonal (4mm), orthorhombic (mm2) and rhombohedral (3m) phases of BaTiO;,

relative to the cubic prototype.




{a) (b}

fe) (d}

Figure 2.12 Unit cell distortions that result from the spontaneous polarization (Py) in
BaTiOs. Dotted lines designate (a) the prototypic cubic (m3m) phase that exists above
T.. P, can be oriented along (b) the 6 equivalent <001> directions in the tetragonal phase,
(c) the 12 equivalent <011> directions in the orthorhombic phase and (d) the 8 equivalent
<I11> directions in the rhombohedral phase. All directions are in reference to the cubic
prototype.23

2322 Structure-Property-Relations

At this point, a reexamina;ion of the PZT phase diagram, Figure 2.10, is useful in
rationalizing the superior dielectric and piezoelectric properties attainable in the solid
solution system. Traditionally, it has been belicved that, at a Zr/Ti ratio of =352/48, the
morphotropic phase boundary (MPB) represents a tetragonal/thombohedral structural
change with composition at roughly constant temperature.?! At this boundary, the phases
possess the same thermodynamic stability and the B-site cation is free to shift in any of

the 6 <001> or 8 <111> directions of the original cube. This results in 14 possible

orientations of the spontaneous polarization, which greatly enhances polarizability and

facilitates efficient poling. As expected, peaks in permittivity and piezoelectric
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coefficients are observed at this compositi.on. The fact that this phase boundary remains
relétively constant with t_emperature is useful in many piezoelectric applications. Figure
2.13 shows a plot of relative permittivity (&) and piezoelectric coupling coefficient (k) as
a function of composition in the PbZrOs-PbTiOs system. The square of the coupling
coefficient (k%) is defined as the ratio of output to input energies in the process of 7

electromechanical energy conversion.

2000
-0.7
106
1500}
o5
-0.4
& 1000+ &
—Ho.3
k -
500 0.2
= +40.1
PbZrO, = 52 mol% PbZrCs PBTIO,

Figﬁre 2.13 Compositional dependence of relative permittivity (&) and piezoelectric
coupling coefficient (k) the PbZrOs-PbTiO; solid solution system. Note the peak in
- properties at the MPB.!

‘The recently discovered monoclinic phase brings this classical perception of the
tetragonal/thombohedral phase transition region into question.”” However, these studies
are still in their preliminary stages and the precise origin of PZT’s superior

electromechanical properties is by no means clearly understood.
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2.4 Piezoelectricity

2.4.1 Fundamentals

All insulating materials will deform to some extent in response to an applied
electric field. The phenomenon in which the induced strain (x;) is proportional to the
square of the polarization (P,P;) is known as electrostriction and the éonstant of
proportionality (Q;u), the electrostrictive coefficient. The relationship is expressed in
Equation 2.2.

Xy = QPP _ (2.2)

Materials that develop a dielectric displacement (or polarization) that is linearly
prdportional to an applied stress are termed piezoelectric, and the phenomenon,
‘piez'oelectri.city. Similarly, the strain in the piezoelectric material is linearly proportional
to an applied electric field. The constant of proportionality (di) is known as the
piezoelectric coefficient and the expressions for the ‘direct’ and ‘converse’ piezoelectric
effects are given as Equations 2.3 and 2.4, respectively. By convention, the first
subscript in dy; is related to the electric field or displacement while the remaining
coefficients are associated with the mechanical stress or strain. The dj are numerically
equivalent when expressed in this Way. It should be noted, however, that if dj; is defined
with respect to polarization (P, = d

X ;) 1t is mo longer equal to those of Equations 2.3

ijk
and 2.4, though the difference is very small in perovskite ferroelectrics.?*

D =d, X, (2.3)
X, =dy,E, (2.4)

Another important distinction between piezoelectricity and electrostriction is that

in electrostriction, deformation is independent of the polarity of the applied electric field.
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By contrast, in piezoelectric materials the gtrain changes sign when the field polarity is
revérsed (at least well below the coercive field).

In materials where piezoelectric contributions are significant (énd electrostriction
can be ignored), transduction can be described using the piezoelectric equations of state™
(Equattons 2.5 and 2.6). These equations include piezoelectric, elastic and dielectric

contributions.
D,=d,X, +¢,E (2.5)
X :SjkimEXIm +dijkEr‘ (2.6) ‘

D is dielectric displacement (C/m?), X is applied stress (N/m), € is absolute permitti{rity,
E is applied electric field (V/m), and s is elastic compliance (m*N). The superscripted

coefficients are held constant.

2.4.2 Tensor Treatment

It is evident from the above discussion that the piezoelectric coefficient (dy;) is a
third rank tensor. However, not all 27 tensor components are independent. The
condition that X;; must be symmetrical dictates that dy is symmetrical in j and k and
reduces the number of independent coefficients to 18. This allows the use of more
concise matrix notation.”> Matrix notation reduces the number of subscripts frdm 3in
tensor notation (dy) to 2 (dj;). Additionaﬂy, to fully describe the property, the j subscript
can take on any integral value between 1 and 6. Equaﬁons 2.7 and 2.8 present that way

in which the d coefficient is described in tensor and matrix notation, respectively. Note

that in tensor form djj is a 3-dimensional (cubic) array.
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I* Layer 2" Layer 3 Layer
i= i=2 =3
dlll dl]2 d]]3 d2]1 dZ]Z . d213 d3il d312 d313
drﬂc = d112 d122 d123 d?.i?. d222 d2'23 d3]2 d322 d323 (2‘7)
dys diyy dy dyy dyy dygs dyy  dyy  dy;

d
dy=|dy dy dy dy dy dy (2.8)
d

The number of independent coefficients can be further reduced by crystal
symmetry arguments. Neumann’s Law states, “the symmetry elements of any physical
property of a crystal must include the symmetry elements of the point group of that

crystal.”25

For example, the Curie group of a poled polycrystalline ferroelectric, such as
PZT, is com (where the poling axis is defined as x3). This conical symmetry eliminates
all but the d;s, day, ds;. ds2, and ds; coefficients, and owing to planar isotropy

perpendicular to the poling direction, ds; = ds; and d;5 = dby. The d coefficient matrix for

poled polycrystalline PZT is given as Equation 2.9.

d;={ 0 0 0 d, 0 0 (2.9)

2.4.3 Additional Piezoelectric Coefficients
In addition to d, there are three other piezoelectric coefficients (e, g and h) that are

used for specific applications™. The e coefficient (C/m?) relates applied strain to induced

displacement at constant field. The g coefficient (V-m/N) relates the induced field to an
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applied stress at constant dielectric displacement. The # coefficient (N/C) relates the
induced stress at constant strain to a change in dielectric displacement. Explicit
definitions of each of the four piezoelectric coefficients are given as Equations 2.10

through 2.13.

dy =%, 10E,)y = (@D, 13X ), ~ (2.10)
e = (0D, 10x,); = (~9X , 13E,), (2.11)
8 =(—0E,/0X ), =(dx, /aD,), (2.12)
hy =(=0X ,/9D,), = (-0E,/dx ), (2.13)

2.5 Domain and Lattice Contributions to Piezoelectric Properties in PZT

There are two distinct contributions to piezoelectric properties in ferroelectric
materials in which both 180° and non-180° domain walls are possible (i.e. two or more
possible axial orientations of the spontaneous polarization). All ferroelectric phases of
PZT belong to this class. Lattice, or intrinsic, contributions encompass the responses of
each individual unit cell of material. Domain, 6r extrinsic, contributions are those that

. arise primarily ffom the motion of domain walls. Understanding and controlling these

contributions in PZT has been the topic of extensive research efforts.

2.5.1 Lattice Contributions
Intrinsic piezoelectric coefficients can be directly correlated to dielectric,

ferroelectric, and electrostrictive properties. For instance, Equations 2.14 and 2.15 were

derived using phenomenological theory and relate the transverse piezoelectric coefficient
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(ds1) to permittivities, electrostrictive coefficients, and the polarization for tetragonal and

rhombohedral PZTs, respectively.26

dy =2€,8,0,,P (2.14)

dy, = 26,16, 0 +£,(Q, +O)IP, @)
&, is the permittivity of free space (8.854)(10'[2 E/m), &33, £;;, and g, are relative
permittivities, Oy and. 012 are electrostrictive coefficients, and P; is the spontaneous
polarization.

It is important to recognize that while electrostrictive coefficients are weakly
temperature dependent (and generally assumed constant for a given composition),
intrinsic permittivity and polariiation vary considerably with temperature in PZT
materials. The absolute value of permittivity increases rapidly with temperature as T, is
approached (Figure 2.14) while the spontaneous polarization shows the opposite trend,
disappearing at T, (Figure 2.15).

And in accordance with Equations 2.14 and 2.15, the considerable dependence of
dielectric and ferroelectric properties on temperature gives rise to temperature

dependence in the intrinsic d3; piezoelectric coefficient (Figure 2.16).

2.5.2 Domain Contributions

Extrinsic contributions associated with the motion of non-180° domain walls act
to further enhance the piezoelectric effect. Despite being a major contributor to the
dielectric response, 180° domain wall motion does not contribute to piezoelectricity

because there is no associated strain change.




Figure 2,14 Phenomenologically-derived values of intrinsic relative
PZT as a function of temperature for tetragonal (PZT 40/60),
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and 50/50 while &;; and &;, are shown for PZT 60/40. Equations taken from Haun.?®
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Figure 2.15 Phenomenologically-derived values of spontaneous polarization (Ps) of
PZT as a function of temperature for tetragonal (PZT 40/60), near MPB (PZT 50/50), and
thombohedral (PZT 60/40) compositions. Equations taken from Haun.®
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Figure 2.16 Phenomenologically-derived values of the intrinsic piezoelectﬂc ds;
coefficient of PZT as a function of temperature for tetragonal (PZT 40/60), near MPB

(PZT 50/50), and rhombohedral (PZT 60/40% compositions. Equations taken from |
' Haun.”

One way to distinguish between domain and lattice contributions to properties is

to conduct electrical property measurements near 0 K. Since domain wall motion is a
thermally-activated process (domain wall mobility increases with temperature), this can

be used to effectively “freeie out” extrinsic contributions. Zhang et al.*’ measured the

dielectric .and piezoelectric properties of Navy-type 1, 2, 3, and 4 PZT ceramics down to |
liquid helium temperatm;es (Figure 2.17). These samples had base PZT compositions

near the MPB and were modified by either “soft” or “hard” dopants. Soft dopants, such

as those in types 2 and 4, facilitate (or at least do not substantially impede) domain wall

mobility, which can lead to higher piezoelectric coefficients and dielectric permittivities

and losses, lower coercive fields, and a greater temperature dependence of properties. |

Hard dopants, such as those in types 1 and 3, minimize dielectric losses and temperature
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coefficignts of dielectric and piezoelectric‘properties at the expense of lower
permittivities and piézoelectric coefficients and higher coercive fields.

As shown in Figure 2.17, compositions modified by softeners showed
considerably higher properties at room temperature due to differences in the magnitude of |
extrinsic contributions to the dielectric and piezoelectric response. But despite significant

differences at room temperature, properties converged as temperatures neared O K.

Clearly, dopant effects (domain contributions) were eliminated at extremely low

temperatures and only intrinsic properties remained.
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Figure 2.17 Temperature dependence of relative permittivity (£33) and transverse
piezoelectric coefficient {d3;) measured between 4.2 and 300 K for Navy-type 1, 2, 3, and
4 PZT ceramics (from Zhang”). All have base PZT compositions near the MPB. Types

2 and 4 are doped with softeners Nb,Os and Sb;0s, respectively. Types 1 and 3 are

doped with hardeners NiO and Fe,03, respectively.
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2.6 Film Considerations

In most cases, thin (<1 um) or thick (>1 um) film ferroelectric materials behave
somewhat differently from bulk materials of the same composition. Films tend to have
smaller dielectric, ferroelectric, and piezoelectric properties in comparison with their
ceramic counterparts.” Several factors can be identified to qualitatively account for these
differences. Clamping to the substrate and residual film stresses are two of the most
important. First, the film is rigidly clamped to the substrate on which it was deposited
and therefore is not frc;e to expand or contract in response to electrical stimuli. This
constraint imposed by the substrate results in reduced (or “clamped™) dielectric,
ferroelectric, and electromechanical responses. As a result, effective piezoelectric
coefficients are reported for films, and these will be discﬁssed in section 2.6.1. In
addition, because ferroelectric films require high temperatures for crystallization
(typically >600°C), differences in thermal expansion characteristics between the film and
substrate materials give rise to significant residual stresses at room temperature.- This can
lead to substantial local stresses that make non-180° domain wall motions difficult,
severely hindering extrinsic contributions to the piezoelectric effect in ferroelectric films.
Other possible factors that may lead to a difference in measured properties of film

materials include phase transformation stresses, grain size effects, and crystallographic

. . 2
orientation. § .

Xu et al.” investigated contributions from extrinsic sources, notably 180° and

non-180° domain wall motions, in PZT films by measuring the stress and field

dependence of dielectric, ferroelectric, and piezoelectric responses. They examined MPB

compositions of varying thickness. It was discovered that there is a very weak
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dependence (<2%) of dielectric permittivity on compressive normal stresses up to 20
MPa in films ranging from 0.5 to 3 wm (Figure 2.18a). In addition, changes in remanent
polarization and coercive field were negligible. Results indicate difficulty in reorienting
domains to directions closer to the film plane and thus limited ferroelastic non-180°
domain wall motions. This argument was further supported by measurement of the

longitudinal piezoelectric coefficient ds; as a function stress’ (Figure 2.18b). The ds;
coefficient was constant up to 6 MPa for a 1 um film while a nonlinear increase of ~20%
was observed in a bulk ceramic sample. Changes in piezoelectric activity with applied

stress is indicative of non-180° domain wall contributions.
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Figure 2.18 Plots of normalized (a) capacitance and (b) ds; piezoelectric coefficient as a

function of applied stress for a poled 1 um <111>-oriented PZT 52/48 film with an
average grain size ~100 nm (from Xu et al.*®). To illustrate extrinsic contributions to
piezoelectric properties in the bulk, a PZT-5A bulk ceramic is also shown in (b).

Dielectric and piezoelectric measurements were also made as a function of
applied AC field. Films of three different thicknesses (1.5, 3.2, and 6.7 um) were
examined and results are shown in Figure 2.19. The dielectric constant was found to

increase nonlinearly with thickness for all films (Figure 2.19a). Different behavior was

observed in the longitudinal piezoelectric coefficient (Figure 2.19b). Thinner films (1.5
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um) showed little change in ds; as the field was increased, while a significant nonlinear

increase was found in the 6.7 um-thick film. Additionally, the threshold field for the

onset of nonlinearity decreased with increasing film thickness.
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Figure 2.19 Plots of normalized (a) dielectric constant and (b) ds; piezoelectric
coefficient as a function of AC field at 1 kHz. All films were poled at 250 kV/cm at
room temperature and randomly oriented with an average grain size ~100 nm (from Xu et
al®).

Two important conclusions can be drawn from these data. First, for films thicker
than 2 pm, dielectric andrpiezoelectric coefficients showed larger increases with
-increasing film thickness, which indicates that contributions from extrinsic sources
become more significant as film thicknéss increases.. The fact that the threshold field for
the onset of piezoelectric nonlinearity decreased with increasing film thickness implies
that non-180° domain wall pinning is reduced in thicker films. Non-180° domain wall
pinning is severe in PZT thin films and therefore extrinsic contributions to piezoelectric
properties are limited in films <2 um. Possible reasons for higher extrinsic contributions
in thicker films include larger grain size and reduced film/substrate interfacial effects.

Second, the huge difference in nonlinearity between permittivities and piezoelectric
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coefficients suggests that 180° domain wall motions represent a larger portion of the

extrinsic dielectric response in PZT films, as compared to non-180° wall motions.

Xu et al.”? also conducted temperature dependent dielectric measurements down
to 4.2 K, which were similar to those done by Zhang et al.”’ on bulk ceramic samples. In
films of varying thickness, orientation, and average gfain size, permittivities were found
to converge near 0 K where extrinsic contributions were frozen out (Figure 2.20). Based
on room temperature permittivity values, increasing thickness, <100> preferred
orientation, and larger grain size all contributed to a greater extrinsic dielectric response

in PZT films. These results were in agreement with their stress and field dependent

property measurements.
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Figure 2.20 Temperature dependence of dielectric constant (€33) of several chemical
solution deposited PZT 52/48 films measured at 1 kHz between 4.2 and 298 K. Films 1
and 3 are <100>-oriented while 2, 4, 5, and 6 are <111>-oriented (from Xu et al.%?).

2.6.1 The Effective Transverse Piezoelectric Coefficient e3;

The differences in boundary conditions between bulk ceramics and films create a

need for describing the properties of film materials in terms of “effective” coefficients.

This terminology acknowledges the various effects such as residual stress and substrate
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clamping that influence mcésured properties in films. A subscript “f” is commonly used
to indicate an effective coefficient (i.e. d; 15)- Along with the value of an effective
property coefficient, it is useful to specify film thickness, texture, grain size, deposition
technique, etc. To illustrate the wide range of possible magﬁitudes of a single film
property, some effective transverse piezoelectric coefficient e3; s values of PZT films with

differing thickness, composition, and texture and prepared by different deposition

methods are given in Table 2.2.

Table 2.2 Effective transverse piezoelectric coefficients of various PZT films™. The
‘ bulk ej; coefficient has been included for comparisonzo.

Form Depaosition Zr/ir’ i Pi.'eferr?d Thickness €31 £, €31 ,
Method Ratio Orientation (um) = (C/m”) (C/m”)
Thin Film Sputtered 45/55 <100> | 0.43 -3.78 --
Thin Film Sol-gel 45/55 <1il> 0.90 -8.28 “-
Thin Film Sol-gel 53/47 <111> 0.88 -6.83 --
Ceramic - 53/47 random - — -5.2

" Sample was doped with 6 mol% Sr which occupied A-sites.

|
For many years, research groups throughout the world have rcpdrted the effective
transverse piezoelectric coefficient ds; s of PZT films. Unfortunately, calculation of this

coefficient requires that the film’s elastic constants are accurately known. Since the i
clastic constants of PZT films are often unavaiiable,- e3,71s the more appropriate

coefficient for describing the transverse electromechanical characteristics of a PZT

film.'?

As discussed previously, the e piezoelectric coefficient correlates applied strain

and induced dielectric displacement at constant field. Taking into account clamping by
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the substrate, Equation 2.16 relates effective film coefficients ez, s to bulk values of d;;,

es1, and ez; through elastic parameters.!2

d ¢k
_ 3 _ 13
€y =g T ey — ey (2.16) |
S;p T8, C33

s,-jE (m*/N) and cl-jE (N/m?) correspond to film elastic compl_iance and stiffness
coefficients, respectively, measured at constant field.

We see that intrinsically les; 4 > les;| and this circumstance arises from the
mechanical boundary conditions of a film/substrate composite.'” Tt is simplest to
visualize for the converse piezoelectric effect, where the e coefficient relates applied
electric field to induced stress (Equation 2.11). A film is free to move in the longitudinal
direction yet is restricted by the substrate within the plane. A field applied in the |
thickness direction will facilitate the development of larger tranéverse stresses in
comparison with an unconstrained situation (as in a bulk material) where these stresses

can be partially relieved by expansion/contraction.

2.6.2 The Effective Electrostrictive Coefficient Oy
It is also important to recognize that the free e}ectrostriction_ coefficient of a
material may be modified by in-plane substrate-constraints, texture, size effects, etc. that
are associated with a film. Again, it is useful to define an effective coefficient that
averages individual strains within each domain and takes these factors into account,
Kholkin et al.*! conducted an extensive study of the effective electrostriction

coefficients (Qy) of ferroelectric thin films that placed primary emphasis on PZT. Values

were calculated from measured relative permittivity (£33y), remanent polarization, and
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longitudinal piezoelectric coefficient (ds; ) data using a polydomain modification of
Equation 2.14 given by Equation 2.17.

d. i '
el 2.17)
Qf 280833,f Pr (

Figure 2.21 is a plot of Qras a function of electric field for a <111>-textured PZT

45/55 thin film. Strong anomalies near the coercive field are a consequence of small
differences in coercive fields determined through static (d; sand £33 and dynamic (P,)
measurements. Oy was thereby found to increase slightly with field, regard]ess of
polarity, which is indicative of the weak (but nevertheless, significant) non-180° domain

contribution to piezoelectric properties in PZT thin films.
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Figure 2.21 Effective electrostriction coefficient of a <111>-oriented, 0.3 ym-thick PZT
45/55 film prepared by a modified sol-gel process plotted versus electric field.>' Values
were extrapolated from measured dielectric, ferroelectric, and piezoelectric data through

Equation 2.17.

A number of sol-gel prepared PZT thin films of various composition and

orientation were analyzed in a similar fashion. Results are shown in Figure 2.22.

- Additionally, upper and lower limits of Q;, for PZT ceramics (corresponding to parallel
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and series models, respectively) that were derived using polycrystalline averaging
equations and available ceramic data® are given. It was clear that effective coefficients
in films were suppressed from corresponding values in ceramics. Substrate clamping,

film texture, and possible size effects were given as primary causes for the reduction.”’
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Figure 2.22 Measured values of QO for differently textured PZT thin films (from
Kholkin ef al.*!) plotted as a function of composition. As comparison, thermodynamic
calculations® of upper and lower limits of Q;; are shown for bulk PZT.

The effect of in-plane constraints imposed by the substrate on the electrostriction
coefficient was quantified. For the case of perfect clamping, where transvérse
deformation is restricted but longitudinal deformation is unconstrained, the QO of
Equation 2.17 is _related to bulk coefficients Q;; and Q;; and film éIastic compliances s, I
and s;,” through Equation 2.18.3!

D
Q,=0,-2—2 0. (2.18)

§p 8,

Note that Equation 2.18 is suitable only for polycrystalline films poled perpendicular to

the substrate plane (conical esm symmetry).
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. Finally, it was discovered that effects associated with substrate clamping and film
orieﬁtation may modify the compositional dependence of the effective electrostrictive
coefficients in PZT thin films.”’ In <111>-textured films, measured Oy coefficients for
- thombohedral (70/30) films were larger than those for tetragonal (45/55) ones, which is

opposite that predicted by phenomenological theory.

2.7 Temperature Dependence of Piezoelectric Properties of PZT Ceramics

2.7.1 Bulk Ceramics

Both intrinsic and extrinsic sources contribute to the piezoelectric properties of
PZT and each of these contributions is markedly dependent on temperature. The
- temperature dependence of intrinsic piezoglectric properties has been discussed formerly
and the phenomenological ds; coefficient is plotted in Figure 2.16 for several PZT
compositions. Because the intrinsic piezoclectric coefficients increase rapidly with

temperature toward 7, their greatest temperature dependence is expected in ranges

nearest to 7.

For virtually all piezoelectric de.vic:es involving PZT, large piezoelectric
coefficients with minimal temperature dependence are desired. One would therefore
think to choose a composition with a very high T, far from the operating temperature
range. Amin et al.’” measured the Curie temperatures of pure PZT ceramics as a function
of Zi/Ti ratio across the entiré solid solution system (Figure 2.23). 7. was found to

increase gradually with PbTiO; content from a minimum of 212°C in PbZrO4 to 492°C in

PbTiO;. Based on these results, more highly Ti-rich PZT compositions possess the




36

highest Curie temperatures, which generally result in the smallest temperature

dependence of intrinsic piezoelectric properties.
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Figure 2.23 Experimental fit of Curie temperature (7,) as a function of composition
across the Pb(Zr,Ti)Os solid solution system.’? PZT 60/40, 52/48, and 40/60
compositions are highlighted.

In PZT ceramics, sizeable domain contributions can add to measured
electromechanical responses and these relative contributions can be strongly dependent
upon temperature. To illustrate, it is useful to re-examine the permittivity vs. temperature
data for PZT films of varying thickness presented by Xu et al.® (Figure 2.20). As the
temperature was raised from 4.2 to 300 K, an increase in the difference in permittivities
between thick and thin films of similar microstructure and orientation was seen. Results
suggest that extrinsic contributions to dielectric properties increase with temperature, and

that these contributions are larger in thicker films. Similar observations were made

previously for bulk PZT ceramics modified by different dopants.?’
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Wang et al. measured piezoelectri(; d coefficients of commercially available PZT-
5H ceramics using bonded strain gages to measure the three pertinent strains (x;;, x3;, and
x;3). Temperature Variable méasurements were made in an environmental test chamber
and dj; results are shown in Figure 2.24. An increase of 42% from -55°C to 85°C was

observed.
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Figure 2.24 Temperature dependence of the transverse piezoelectric coefficient d;; of
PZT-5H ceramic samples measured under large electric fields (up to S kV/cm).*

To this point, the discussion has been limited to temperature dependent
electromechanical properties of bulk PZT materials. Owing to difficulties in making
piezoelectric coefficient measurements of films as a function of temperature, no data has

been found in the literature that elucidates the temperature dependence of the

piezoelectric response in PZT films.
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| 2.7.2 Elastic Moduli

According to Equation 2.16, the clamped piezoelectric coefficient e, sof a film is
related to its free ds; through its. elastic moduli (si-jE or c,-jE). Therefore, predictions of e3;,
versus temperature behavior could be made on the basis of experimental measurements of
these coefficients. It has been shown that bulk d;; coefficients are strongly dependent on
temperature (Figure 2.24) but reliable data on the elastic moduli of PZT films (at any
temperature) are unavailable.

Zhuang et al. measured the elastic complianc.e coefficients (s;,%) of pure PZT
ceramics with several Zi/Ti ratios as a function of temperature from 4.2 to 300 K using a
resonance technique.’® Results are plotted in Figure 2.25. As expected, the compliance
coefficients increased with temperature for all compositions. Near MPB compositions
'showed the strongest dependence on temperature. The apparent drop-off in s;; on
heating above 225 K is most likely due to an aging effect and s, Fis expected to continue
to increase monotonically with temperature, to at least 100°C. %

The terﬁperaturc dependence of s;," is expected to be even lower (than those of
Figure 2.25) if only intrinsic contributions are considered. Herbiet et al.*® derived an
approximéte form of the temperatﬁre dependence of s, jurinsic in PZT compositions near
the MPB. A phenomenological model of a Vibraﬁng non-180° domain wall in electric
and mechanical stress fields (previously reported by Arlt®"), along with resonance
measurements of several undoped PZT ceramics over a range of temperature, were used
in the derivation. Results are plotted in Figure 2.26. The greatest temperature

dependence of the ;1 inrinsic Was observed at the MPB (PZT 52/48) where rhombbhedra]

and tetragonal phases coexist.
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Figure 2.25 Low temperature elastic compliance coefficient (s;;”) plotted as a function

of temperature for several tetragonal and rhombohedral PZT compositions.**

Figure 2.26 Intrinsic contributions to s;; derived from measured data for undoped
Po(ZryTi).x)O5 ceramics (from Herbiet et al.
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2.8 Compositional Dependence of Piezoelectric Properties of PZT

2.8.1 Bulk Ceramics

The compositicnal dependence of electromechanical propeﬂieé has been well
characterized for bulk PZTs. A plot of piezoelectric d coefficients as a function of
PbZrOs content in undoped compositions is given as Figure 2.27. All d coefficients peak

at the MPB (Zr/Ti = 52/48).
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Figure 2.27 Composition dependence of bulk ceramic piezoelectric d coefficients
around the MPB®. Maximum values occur at 52 mol% PbZrOs.

2.8.2 Films

In addition, several groups have reported e; 1 d31p or dszpfor PZT films as a
function of composition. It is interesting to note that their reéults do not agree on a single
composition of maximum piezoelectric activity. Key articles on the subjeét have come
from the Swiss Federal Institute of Technology (Lausanne, Switzerland) and The
Pennsylvania State University (University Park, PA).

One of the first comprehensive stﬁdies of dielectric, ferroelectric, and

piezoelectric property variation as a function of Zt/Ti ratio in PZT films was done in
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1995 by Chen et al.* €33, Py, and effective ds; of 1 um sol-gel films deposited on
platinum-coated silicon substrates (poled at 150 kV/cm for 2 min at room temperature)
were measured (Figure 2.28). d;coefficients were determined by double-beam laser
interferometry. Peaks in property coefficients were found to coincide with those for bulk
ceramics of the same composition, occurring at the MPB composition PZT 52/48. As
expected, the magnitudes of effective film properties were lower than bulk properties,

and differences were attributed to substrate clamping effects and unoptimized poling

conditions.
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Figure 2.28 (a) Dielectric permittivity, (b) remanent polarization and coercive field, and
(¢) effective ds; as a function of Zt/Ti ratio in 1 um sol-gel PZT films.*® Maximum

values of £33, P,, and ds;3rare located at the MPB PZT 52/48 composition and correspond
to bulk maxima. Bulk data were faken from Berlincourt ef al.>”
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Several years later, Xu reinforced Chen’s contention that piezoelectric activity
was maximized in films of the MPB composition.”® In this work, ds; coefficients were
measured using the pneumatic pressure charge te:chmlque.“D Films were sol-gel prepared,
1 um in thickness, and poled at 150 kV/cm for 10 min at room temperature. They were
deposited on either Pt<111> or Pt<100>-coated silicon substrates. As film orientation
was controlled by the orientation of the bottom electrode, films deposited on Pt<111>
and Pt<100> were strongly <111> and <100>-textufed, respectively. Measured
properties are tabulated in Table 2.3. Despite magnitude differences between <111> aﬁd
<100>-oriented films, maxima in &3, P,, and ds; 5 were observed at the MPB

composition.

Table 2.3 Dielectric permittivity, remanent polarization, and effective ds; of several 1
pm sol-gel deposited PZT films with different preferred orientations and Zi/Ti ratios near

the MPB.*
Texture <111> <103
Zr/Ti ratio 48/52 52/48 56/44 48/52 52/48 56/44
£33 950-1000  950-1000  950-1000 | 1030-1080  1150-1200  1000-1050
P, (uClem’) 23-26 27-30 20-23 21-24 24-27 17-20
dss (pC/N)  100-105  110-120 80-85 90-95 95-105 75-80

Dubois et .al. measured bqth ds;rand ez pof PZT thin films with different Zr/Ti
ratios around the MPB*". Films were deposited either by sol-gel or reactive sputtering on
platinum-coated silicon wafers with either TiO, or Ta adhesion iayers. Sol-gel films
were all <l11>-textured and ~900 nm in thickness. Sputtered films were thinner (~500

nm) and <100> texture was achieved using the Ta adhesion layer. ds;rwas determined

by double-beam laser interferometry. es; s was measured by forced deflection of a
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clamped cantilever. In this technique, a srﬁall alternating displacement (resulting in ~20
pe along the beam length) is supefimposed Von a static strain and the piezoelectrically-
generated charge in the film is collected.

The largest es;; was obtained at a tetragonal PZT 45/55 composition (Figure 2.29)
while d3zwas obs.erved to peak at the MPB (PZT 53/47). The authors attributed the shift
and broadening of the e3; f peak, as compared to the relatively sharp MPB peak observed
in the bulk, to substrate clamping and differences in film and bulk elastic compliance
coefficients (s;;). In the case of a film clamped to a substrate, ds;5 and 3 are both
related to bulk piezoelectric coeffi(;ients through elastic compliances as defined by

Equation 2.19.

dy =dy —2s5,"e, , (2.19)

~€31,r (C/ mz)
=

‘ T . : 3
5F % sputtering (111) sol-gel on P/TiO;
4 F . -
{ sputtering (108) p
3 e l. ........ I I ] .
45/55 53/47 60/40
Zr/Ti ratio

Figure 2.29 Variation of effective transverse piezoelectric coefficient ez, s with
composition for several PZT thin films> . The highest e; 15 values were observed on the
tetragonal side of the MPB (PZT 45/55).
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Further evidence of a shift in the clomposition of maximum piezoelectric activity
of PZT thin films away from the MPB and toward more tetragonal compositions was
presented by Hiboux ef al.¥' The ds; s coefficients of reactively sputtered, 300 nm-thick

"PZT films of <111> and random orientation were measured using double-beam laser
interferometry.

Samples with PbZrOs; contents between 10 and 70 mol% in steps of 5-10 mol%
were measured and peaks were observed in ds; at the tetragonal PZT 40/60 composition

for <111>-oriented films on Pt electrodes (Figure 2.30). For random films on RuO,

electrodes, peaks in as-grown (virgin) and maximum (poled) d;33 values occurred at PZT

35/65 and 55/45 compositions, respecﬁvely.

—o—— max. on Pt Pt [
—e—— as grown on [
REETY SR mag.on RuQ2z

-«--a---- Ag grown on RuQp

—-a—— calculated

120.00 —rr— vt

o 02 04 06 0.8 1 |
Figure 2.30 As-grown (virgin) and maximum (poled) values of ds3in reactively

sputtered PZT thin films deposited on Pt<111> and RuQ,-coated substrates.*' Calculated
results represent bulk ceramic data that is corrected for the substrate clamping condition.




45

The contradictions between results in the above studies emphasize the idea that
processing conditions significantly impact properties (and likely poling efficiency) in

ferroelectric thin films.

2.8.3 Elastic Moduli
In addition to temperature, the elastic moduli of PZT are dependent on Zr/Ti ratio.
To reiterate, reliable data on the elastic properties of PZT films of different composition

and thickness are unavailable. However, Zhuang et al. measured the elastic compliance

coefficient s; IE and Poisson’s ratios (v = —~L2.) of pure PZT ceramics across much of the
S

solid solution system at constant temperature”" (Figure 2.31). Both measured coefficients
y P g

were found to rise sharply near and pass through a maximum at the MPB composition (=

48 mol% PbTiOs).
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Figure 2.31 (a) Elastic compliance coefficient (s;,%) and (b) Poisson’s ratio (V) at 4.2
and 300 K plotted as a function of PZT composition.”
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3.1 Introduction _
This chapter provides details on the PZT film processing and electrical |
characterization, a brief summary of MEMS accelerometer desi gn, fabrication, and

testing methods as well as the experimental procedure used in development of the

modified wafer flexure technique.

3.2 Lead Zirconate Titanate Film Preparation

Chemical solution spin-on deposition is a popular technique for the fabrication of
ferroelectric films owing to its precise stoichiometry control, high purity, coating
uniformity, and low manufacturing costs. Furthermore, the intimacy of mixing and high
reactivity of the liquid constituents facilitates crystallization at temperatures several
hundred degrees below those necessary in conventional mixed-oxide processing, which
can enable direct on-chip integration with semiconductor devices.** For the purposes of
this study, thick (> 1 pm) PZT films were prepared using a chemical solution deposition

process. The complete film production sequence is shown in Figure 3.1.

3.2.1 Solution Preparation

The PZT solution utilized 2-methoxyethanol (CH;O(CH;),OH), (Aldrich
Chemical Co., Milwaukee, WI), or 2-MOE, as the solvent.*> Precursors were lead acetate

trihydrate (Pb(CH3COa),-3H,0), zirconium n-propoxide (Zr[O(CH,)>CH3l4), and

titaniurn iso-propoxide (Ti{OCH(CHj3),14) (Aldrich Chemical Co., Milwaukee, W1). The
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Figure 3.1 Chemical solution spin-on process flow for PZT films prepared in this
investigation.

procedure used was a modification of that first introduced by Budd, Dey, and Payne™* for

processing of PZT films < 2.5 um-thick.
Initially, lead acetate trihydrate was added to 2-MOE in a rotary evaporator flask
under Ar. To facilitate dissolution, the flask was lowered into an oil bath heated to 70°C

on a hot plate and the temperature of the bath was gradually increased to 120°C. The

solution was then dehydrated under vacuum until a semi-dry powder remained. A
mixture of zirconium n-propoxide and titanium iso-propoxide in 2-MOE at room

temperature was added and the entire solution was refluxed for 2 h under Ar at 120°C.
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After refluxing, the solution was vacuum distilled and 2-MOE was added until the
desired solution molarity was achieved. Following modification with both
acetylacetonate (20 vol%) and acetic acid (5 vol%), the solution was 0.70 M with 20

mol% Pb in excess of stoichiometry to compensate for high Pb volatility.*’

3.2.2 Spin Coating

Many of the substrates used in this study were coﬁmercially manufactured 375
um Si/10,000 A 8i0,/200 A Ti/1500 A Pt (Nova Electronic Materials, Inc., Richardson,
TX). The Pt film was primarily (111)-oriented. Substrates were preannealed at 500°C
for 60 s Spih coating was used to apply a uniform layer of solution on the surface of the
substrate. Solutions were dispensed through a.syringe with a 0.1 pm Whatman filter
(Aldrich Chemical Co., Milwaukee, W1) and the substrate was spun at 1500 rpm for 30 s
using a PWM32 photoresist spinner (Headway Research, Inc., Garland, TX). Following
each spin-coated layer, films were subjected to a series of heat treatments to drive off
organic, densify, and crystallize the film. The first and second pyrolysis steps, each 60 s
in duration, were performed using a hot plate at 350°C and 500°C, respectively. During
the second treatment, a 1 mm-thick aluminum plate was positioned parallel to and ~3.5
mm above the film surface to enhance heating by convection. A crystallization anneal
was performed for each layer in a Heatpulse 610 rapid thermal processing (RTP) unit
(AG Associates, Sunnyvale, Ca) at 700°C for 60 s. The RTP anneal converted the film
structure to polycrystalline perovskite with some degree of preferred orientation. Each
sequence produced a layer approximately 0.20 pm in thickness and the sequence was

repeated to obtain the desired film thickness. This method was used to prepare films of
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varying thickness (2 wm, 4 um, and 6 pm) with compositions spanning the morphotropic

phase boundary (Zt/Ti ratios of 40/60, 45/55, 52/48, and 60/40).

3.2.3 Edge Bead Removal

It was discovered that for films thicker than 4 pm, cracking often occurred. These
cracks originated at the film edge and radiated toward the center of the substrate. Edge
head removal was employed to prevent cracking and achieve thicker films. This
technique is commonly used in silicon processing for the spinning of photoresist. During
the spinning process, an edge bead of dried solution, several times thicker than the film,
can build up."® The greater the layer thickness, the higher the tendency for cracking
during rapid shrinkage associated with the pyrolysis steps. As a result, the edge bead is
more susceptible to cracking than the remainder of the film.

Immediately following each spin-coating, a cotton-tipped applicator was
moistened with 2-MOE and carefully run along the edge of the substrate. This removed a
~2 mm ring of solution at the outer edge, leaving the underlying Pt visible. Using this

technique, crack-free films of thickness >7 pm were achieved.

3.3 Structural Characterization

It is well known that the structure of materials, both on a macroscopic and
microscopic level, has a marked effect on their properties. This is particularly important
in PZT films where structural features can significantly impact domain wall mobility and

therefore extrinsic contributions to dielectric, piezoelectric, and ferroelectric properties.

The goals of this characterization were to determine film orientation, crystal structure,
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grain size and shape, and thickness in order to correlate these structural characteristics to

measured properties.

3.3.1 X-Ray Diffraction (XRD)

Orientation and crystal structure of the PZT films were determined using a
Scintag x-ray diffractometer (Scintag, Inc., Sunnyvale, CA). Ni-filtered Cu Ko radiation
was used and x-ray diffraction data were collected between 20° and 60° 29 at a rate of 2.O

20/min.

3.3.2 Scanning Electron Microscopy (SEM)

Microstructural features of the films were examined using an S-3500N scanning
electron microscope (Hitachi Ltd., Tokyo, Japan). SEM analysis provided both surface
and cross-sectional topographical information including grain size and shape. The
surface of each film was etched by submerging the entire sample in a dilute HF/HC]
solution for ~3 s and immediately rinsing with deionized water. Because films etch more
rapidly along grain boundaries, this etching step was performed to reveal the surface
morphology. Samples were first sputter-coated with a thin Au film to increase electrical

conductivity at the surface and prevent charging that tends to decrease Image clarity.

3.3.3 Surface Profilometry
Measurements of film thickness were made using an Alpha-Step 500 surface

profilometer (Tencor Instruments, Inc., Mountain View, CA) with A resolution. In this

measurement, a sensitive stylus, in light mechanical contact with the sample surface,
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travels over a distance of 500 um at a rate of 50 um/s. By positioning the stylus such that
it would run across a step between the exposed bottom Pt electrode and PZT film, the

film thickness was determined by the vertical displacement of the stylus.

3.4 High and Low Field Electrical Characterization
The aims of this section were to characterize both high and low field dielectric
and ferroelectric properties of the PZT films. The properties of interest included relative

permittivity, dielectric loss tangent, remanent polarization, and coercive field.

3.4.1 Electrical Contacts

To enable electrical characterization, Pt/PZT/Pt capacitors were fabricated. For
characterization purposes, platinum top electrodes were deposited using a SCD 050
sputter coater (BAL-TEC AG, Germany) through a mechanical mask at a base pressure
of 0.05-0.1 mbar. Electrodes were circular with a diameter of 1.5 mm and a thickness of
approximately 1500 A. Following deposition, a 5 min hot plate anneal at 500°C was
used to improve the quality of the film/top electrode interface. In some cases, wire leads
were attached to the Pt electrodes using CW2400 conductive epoxy (Chemtronics,

Kennesaw, GA), which required high temperature curing (~10 min at 120°C).

- 3.4.2 PZT Film Patterning

In order to make electrical contact with the bottom Pt electrode, it was necessary

to pattern the PZT film. For films <2 um-thick, patterning was accomplished by defining
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an area with Scotch™ tape (3M, St. Paul, MN) and etching with a dilute HF/HC1
solution.

This method proved impractical for etching thicker films due to poor selectivity
and a lithographic approach was taken. The two-step wet etching process for PZT thick .
films has been previously reported.”” A small rectangular piece of Scotch™ tape was
used as a mask in the lithography step. The area of the PZT film defined by the tape
represented the area that would later be etched. The etching sequence is shown in Table

3.1.

Table 3.1 Two-step wet etching process for thick PZT films used to expose the bottom

electrode.
Step Description Details Function
1 Dehydration bake 115°C, ~10 min H>O removal
Scotch™ tape application -- Mechanical masking
HMDS® spin coat 3000 rpm, 15 s Enhance film/photoresist adhesion

Shipley 1813 photoresist spin coat 3000 rpm, 40 s Protect film surface during etch

2

3

4

5 Scotch™ tape removal -- -~

6 Hard-bake 115°C, 3 min Residual solvent removal
7 10 H,0:1 BOE? etch ~0.1 pm/min PZT film etching (1% step)
8 2 HCI:1 H,0 etch 1-3 min Residue removal (2" step)
9

Acetone rinse ~15 min Photoresist removal

" HMDS — hexamethyldisilazane is a popular adhesion promoter in IC processing.™
* BOE - buffered oxide etch (10HN,E:1 HF).

3.4.3 Electrode Probing
For electrical measurements, joystick micropositioners (Signatone Corp., Gilroy,

CA) were employed to probe capacitor electrodes. Two methods were used to contact Pt

electrodes (shown schematically in Figure 3.2):




{a) Probe tip pressure contact to electrode

(b) Alligator clip contact to aforementioned wire leads

Conductive Pt Electrodes

Figure 3.2 Pt electrodes were contacted in two ways: (a) probe tip pressure contact and
(b) alligator clip contact to epoxied wire leads.

3.4.4 Low Field Characterization

Low field measurements of capacitance (used to determine relative permittivity)
and dielectric loss tangent of the PZT films were made using a 4192A LF impedance

analyzer (Hewlett-Packard, Palo Alto, CA). Unless otherwise indicated, all were carried

out at a frequency of 1 kHz and oscillation voltage of 30 mV .
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3.4.5 High Field Characterization

Polarization-electric field hysteresis behavior of the PZT films was measured
using an RT66A standardized ferroelectric test system (Radiant Technologies,
Albuquerque, NM) in the virtual ground testing mode. Samples were measured using the
“slow” mode (1.1 ms per point) at a peak field of ~300 kV/cm with 200 discrete voltage

steps.

3.4.6 Temperature Dependent Characterization

Measurements of capacitance and dielectric loss tangent were carried out usin ga
computer-automated system with a -73°C to 315°C temperature range using a 4284A
precision LCR meter (Hewlett-Packard, Palo Alto, CA). Multiple spring-loaded sample
holders mounted to the inside of the door of a 9023 environmental test chamber {Delta
Design, Inc., Poway, CA) allowed characterization of as many as 8 film samples in a
single run.

This same oven and sample holder were used in measuring P-E hysteresis loops
as a function of temperature with the LCR meter replaced by the ferroelectric test system

described in the previous section.

3.5 MEMS Accelerometers

As part of this investigation thick PZT films were deposited for use as the active
piezoelectric sensing elements in a novel MEMS accelerometer. The design was

movative in that it utilized a novel annular sensing structure (designed by Kan Den gof

Wilcoxon Research, Inc., Gaithersburg, MD) and combined PZT films and the silicon
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bulk micromachining technique of deep-trench reactive ion etching (DRIE).*® Details on
the accelerometer design and fabrication are given elsewhere.'”

Chemical solution-derived PZT films with Zr/Ti ratios of 52/48 and 5-6 Lm
thickness were used in the MEMS devices. A thickness near the upper limit for chemical
solution processing was chosen because (1) piezoelectric coefficients increase with
increasing film thickness*’ and (2) thicker films generate lower sensor capacitance, which
was desirable for integration with the ASIC circuit chosen by Wilcoxon Research, Inc.

The next section briefly describes design, fabrication, and testing procedures

associated with the MEMS accelerometer.

3.5.1 Design
As mentioned previously, the sensor design incorporates a novel circular

diaphragm sensing structure. The device is intended to have a high resonance frequency

(220 kHz) and large sensitivity (>1.0 pC/g) in a mm-sized package. In this design, a thin -

annular diaphragm is supported at its edge by a rigid Si frame. The bottom electrode,
thick PZT film, and top electrode are patterned on the top surface of the Si diaphragm
and a proof mass is suspended at the center to enhance device sensitivity, The device is
shown in cross-section in Figure 3.3. In response to an acceleration., strain is transferred
from the Si diaphragm to the PZT film and charge develops on the electrodes by the
direct piezoelectric effect. The amount of charge generated for a given strain is governed

by the effective transverse piezoelectric coefficient (e; 17 of the film.
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T

silicon frame

P

silicon proof mass

PZT outer top inner top
electrode electrode

Figure 3.3 Cross-sectional view of circular diaphragm sensing structure of MEMS
accelerometer (courtesy of Wilcoxon Research, Inc.).

It should be clear from Figure 3.3 that the structure is fully symmetric and
transverse accelerations will not be detected. In response to a force normal to the plane
of the device, the diaphragm is subjected to both radial and tangential stresses, o, and &y,
respectively, and these are responsible for the charge developed in the piezoelectric film.
The stresses shift from compressive near the proof mass to tensile near the support frame.
Stress 1s plotted in Figure 3.4 as a function of position along the radius of the diaphragm.

With this stress distribution in mind, the structure was designed with ﬁivo annular
top electrodes positioned at the inner and outer areas of the diaphragm where the stresses
are greatest. These could then be poled in opposite directions (through the film

thickness) to avoid charge cancellation. In addition, the top electrodes were designed

with equal areas. This should give a cancellation of temperature-related (pyroelectric)
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Figure 3.4 Radial and tangential stresses as a function of radial position along the
annular diaphragm. ¢, and Gg correspond to the solid and dashed lines, respectively.

charge output when connected in parallel. Accelerometers were designed with a footprint

of 6 mm X 6 mm.

3.5.2 Fabrication ’ ‘ :
The complete fabrication process for an earlier trampoline-type structure is
illustrated in Figure 3.5 and is very similar to that used in fabrication of the annular
devices. The detailed procedure has been reported.” 5—6 pm thick PZT 52/48 films
were initially deposited on 4” (100 mm) platinized Si wafers using.the chemical solution
process detailed in section 3.2. The entire process involved five photomask levels and

included a front-to-backside alignment, which was done using a mechanical jig with <25

19
jim accuracy.




1) 47 S0/ 50810 TYPYPZT/CrfAu
“wafer

2) Front-to-backside alighment
photolithography

4) Backside SiOg etched using CFy
and O, plasma

L1 &

51 Si0; PZT Thick PR

B N

Criau TPt PR

5 Thick PZT film was etched with
the backside coated with photoresist

6) TUPt bottom electrode etched
using RIE (Cl; plasma); thick
photoresist was used to achieve
better step coverage

Figure 3.5 Fabrication process flow for MEMS accelerometer structure.”” The two step
DRIE sequence shown was used for through-etched parts. In the annular-type device, the
entire backside of the structure was protected in step (7), and the annulus was exposed
and etched during step (8).
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7) st deep trench reactive fon &) Following the HF backside oxide
etching (DRIE) step defined the etch, the 2nd DRIE step released the
beam thickness beams

i
|
i
:

o 9) Frontside oxide was etched and
i photoresist stripped '

Figure 3.5 MEMS accelerometer fabrication process flow (continued)."

3.5.3 Testing
The frequency response and impedance resonance of the MEMS accelerometers
were tested in this investigation. Measured results were compared both with those from

finite element analysis (FEA) and with those measured independently at Wilcoxon

Research, Inc.

3.5.3.1 Frequency Response Measurement
The frequency response measurement setup was assembled in-house and is shown
schematically in Figure 3.6. Details of the setup can be found elsewhere."” The system

consisted of a model F3 electromagnetic shaker (Wﬂcoxoh Research, Inc., Gaithersburg,

MD), a 3562 A dynamic signal analyzer (Hewlett-Packard, Palo Alto, CA), and a
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monoblock amplifier (AudioSource, Portiand, OR). To circumvent difficulty in
meésuring the exact force applied to the MEMS chip during measurement, a model 736
high frequency accelerometer (Wilcoxon Research, Inc., Gaithersburg, MD) of known
sensitivity (100 mV/g) was mounted to the shakér stage along with the MEMS chip. This
enabled determination of the MEMS accelerometer sensitivity through a comparison of

outputs from both devices.

Reference
accelerometer

Figure 3.6 Frequency response measurement system.

3.5.3.2 Impedance Resonance Measurement
A 4194A impedance/gain-phase analyzer (Hewlett-Packard, Palo Alto, CA) was
used to measure the impedance characteristics of the MEMS accelerometers as a function

of frequency. Devices were excited with an oscillation voltage of 30 mV (no DC offset).
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3.6 Modified Wafer Flexure Technique for Measurement of the Effective

Transverse Piezoelectric Coefficient e;; s and its Variation with Temperature

For MEMS sensor and actuator applications, knowledge of the temperature
dependence of the electromechanical properties of films is desired since devices are
intended to operate within certain temperature limits. The wafer flexure technique was
modified to characterize the 3, piezoelectric coefficient of films as a function of
temperature between -35°C and 85°C. Prior to piezoelectric characterization, films were
poled at ~3E, .for 20 min. .Fﬁms were then aged at room temperature for at least 72 hrs to
ensure that the temperature dependence of the piezoelectric response could be separated
from piezoelectric aging. Measurement details, temperature modification details, and

validations of the technique will be discussed in the following sections.

3.6.1 Wafer Flexure Technique

This section describes the operating principle, strain analysis, uniform pressure
rig, and peripheral electronics associated with the wafer flexure technique. Additional
details have been reported elsewhere.’ The only notable modification was the addition of

a charge amplifier, which will be discussed later.

3.6.1.1 Principle of Operation °
The wafer flexure technique is used to determine the direct ey, s coefficient of a
film by placing it in an oscillating state of biaxial strain and measuring the output charge

developed across it thickness. Equation 3.1 governs this behavior.

D3:—Qj’—=e3,'f(xl +%,) ' (3.1)
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Dj is the dielectric displacement (C/m?) in the film thickness direction, Qj is the charge
(C), A is the electrode area (m?), and x; and x; are the principal inmplane strains. In the
case of a circular plate, x; and x2 correspond to planar radial and tangential strains, x, and
Xg
A periodic strain in the film produces current thfou gh the direct piezoelectric
-effect and this current is monitored. Charge is obtained from the root mean square

current (iyms) through Equation 3.2.

{ ' |
= el 2
&=z . (32)

f1s the strain oscillation ffequency (4 Hz was used throughout).
The room temperature measurement setup is shown schematically in Figure 3.7.

Each of the main components will be described later.

Lock-in Charge
Amplifier ¢ Amplifier

Reference :
frequency:; Micropositioner
8V, @4Hz , Screws
J, Aluminum :
bushings Retention ring
10” Audio
! 3 PZT coated wafer
Speaker

Oscillating Aluminum housing
pressure

output: 0.2 kPa

Figure 3.7 Room temperature wafer flexure measurement setup.
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3.6.1.2 Theoretical Calculations of Filﬁ Strain

In the wafer flexure technique, film strain is achieved by driving air into a cavity
below a film-coated wafer that is clamped about a given support radius. In this
configuration, bending stresses in the wafer can be calculated for a given cavity pressure
using small deflection plate theory.*® The principal in-plane stresses at any position on

the plate are given by EQuations 33 and 3.4.

o = 3p§ [(A+vg)a® —(B+vg)r] (3.3)

Si

i’;”‘; [(1+vg)a® - (1+3vy)r] (3.4)
)

!

O, =

o, and Op are the radial and tangential stresses in the Si plate (N/m?), p is the cav-ity
pressure (N/mz), z 1s the distance from its neutral a)lcis (m), tg; is tﬁe plate thickness, vy, is
Poisson’s ratio of 8i, a is the support radius (m), and-r is the distance from the center of
the plate (rﬁ).

Complete transfer of strain from the Si substrate to the PZT film is aséumed (i.e.
irSi =5 2T and .ani = ng zr ) éuch that generalized Hooke’s law, along with the elastic

constants of Si, can be used to determine film strains from the known stresses in the Si

substrate (Equations 3.5 and 3.6).

x v — L ' 3-5

" YSE S‘( YSr' ) . ( )
0-9 51 0-‘Jr'S(' .

X, =—" Y (— 3.6

9 Y, i 7, ) (3.6)

xr and xg are the radial and tangential strains, respectively, and Ys is Young’s modulus of

Si.
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Small deflection plate theory is apialicable to the case of a film-coated substrate
provided that (1) the thickness of the film is much smaller than that of the substrate such
that deformation is dominated by the elastic properties of the substrate and (2) the
maximum deflection of the coated substrate does not exceed 20% of its thickness such
that membrane stresses can be ignored.*® The first requirement is fulfilled in that the
thickness ratio between the PZT film (< 6 um) and Si wafer (375 pm) was less than 2%,
The second Was casily satisfied by selecting a suitable cavity pressure (0.2 kPa).

In stress and strain calculations, the <100> single crystal Si wafer was treated as
an isotropic plate and the averages of maximum and minimum in-plane elastic constants

(along <100> and <111>directions) were used.” These values are tabulated in Table 3.2.

Table 3.2 Elastic constants of Si used in this investigation. The Si wafer was treated as
: an isotropic plate.*

Elastic Property Value

Young’s modulus 150 GPa

Poisson’s ratio 0.172

3.6.1.3 Uniform Pressure Rig

The uniform pressure.rig consists of an aluminum housing, removable bushings, a
retention ring, and 3 stainless steel screws. The film-coated wafer is carefully positioned
between the bushings and secured with screws that run through the retention ring and into
the housing (outside the outer radius of the wafer and bushings). This clamps the wafer

such that an oscillating pressure can be fed into the underlying cavity to create periodic

wafer flexure.
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The unit used in this investigation was designed to accommodate 3”-diameter (76
mm) wafers. For room temperature characterization, aluminum bushings were polished
to 5 um using successively finer grit SiC paper. This was done to minimize creation of
defects in the substrate and 1mprove the pressure seal. Clamping was achieved by

tighténing the screws in 0.5 in-1b increments to a final torque of 1.5 in-1bs.

3.6.1.4 Peripheral Electronics
Peripheral electronics included:
» 7260 DSP lock-in amplifier (EG&G Instruments, United Kingdom)
» hk770 twin toroidal power ultrawideband DC amplifier (Harman Kardon,
Northridge, CA)

s 107 audié speaker (Zenith Flectronics Corp., Lincolnshire, IL)

The lock-in amplifier served two imporiant functions during measurement. First, it
provided a reference signal of 0.5 V,, at 4 Hz, which was then amplified by the stereo
amplifier (16X) and used to drive the audio speaker. The pressure created by the speaker
was fed into the cavity through a plastic hose. The other role of the lock-in amplifier was
to monitor the output voltage from the charge amplifier. This voltage was used to

determine the current output from the film as it was strained.

3.6.1.5 Charge Amplifier

Because charge output from the 1.5 mm-diameter electrodes was small (~1 nF), a

charge amplifier was employed for signal amplification. The circuit diagram for this
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device is shown in Figure 3.8. The input charge (Qy) was amplified and converted to a

voltage (Vour) through Equation 3.7.

)
Vour = % (3.7)

For this work, a 1 nF capacitor was chosen such that voltage output was ~10 mV and

could be displayed easily using an oscilloscope. In addition, the amplifier was designed

such that the film was maintained at virtual ground (to within +3 mV).

o—4 | . -0
Qm ! _ >~— ! ~ Vour
L a

Figure 3.8 Simplified circuit diagram of charge amplifier.

3.6.2 Temperature Control Modifications

‘The temperature specification for the aforementioned MEMS accelerometer is
-55°C to 85°C gnd consequently, the investigation focused on this particular range. The
following sections outline the way in which the room temperature wafer flexure

technique was adapted to enable temperature-variable measurement.

3.6.2.1 High Temperature Modification
Resistive heaters were used to heat the aluminum housing. A thermocouple (type

K) was held in contact with the wafer surface using Kapton® polyimide tape (DuPont,
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Wilmington, DE). The thermocouple and resistive heaters were wired to a CN9000A
miniature autotune temperature controller (Omega Engineering, Inc., Stamford, CT)
which displayed and regu%ated the temperature of the wafer to £0.1°C.

Heat was efficiently transferred from the housing to the wafer as indicated by
differential thermocouple measurements. One fixed (inserted into the housiﬁg) and one
movabie thermocouple (set at- different radial positions on the wafer surface) were used to
measure the temperature uﬁiformity acrosls the wafer and the efficiency of heat transfer.
With the housing held at 125°C, there was a +4°C temperature uniformity across the
wafer (Figure 3.9). It is expected that uniformity was even better during piezdelectric
measurements, where a maximum temperature of only 85;’C was used. It should be noted

- that a thin layer of thermal joint compound (described in detail in section 3.6.2.3)

enhanced heat transfer.

128
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120

Temperature (°C)
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B —

Distance from Wafer Center (cm)

Figure 3.9 Measured temperature profile across a 3” wafer with the aluminum housing
heated to 125°C. The maximum temperature used in subsequent experiments was 85°C.
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3.6.2.2 Low Temperature Modification' :3
For measurements below room temperature, the pressure rig and microprobes
were placed inside an in-house-constructed liquid nitrogen-cooled enclosure insulated
with 3/4"~thick Styrofoam sheathing. A 30 L liquid-nitrogen dewar was pressurized to
~5 psi with a tank of dry UHP (ultra-high purity) nitrogen and a copper pipe was fed

from the dewar into the chamber. A manual flow control valve was used to regulate the

flow of nitrogen. This setup is shown schematically in Figure 3.10.

Figure 3.10 Low temperature wafer flexure measurement setup, |

'The chamber temperature was continuously monitored using an RTD (Pt100).

The minimum attainable temperature within the enclosure was approximately -190°C and
rapid cooling rates were possible (>15°C/min).
Moisture condensation (and subsequent ice formation) was significantly reduced !

by maintaining the wafer at least 10°C above the chamber temperature using the resistive

heating system outlined in the previous section.
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3.6.2.3 Wafer Clamping Modification |

There 1s a significant difference in thermal expansion characteristics between the
substrate and pressure rig materials (Olycgs; = 2.6 ppm/°C and Oyegar = 23 ppm/°C). Asa
résult, changes in temperature give rise to static stresses that either stretch or compress
‘the wafer within the plane. This can complicate the measurement of e, with
temperature by wafer flexure by introducing a stress dependence, which is difficult to
separate from the temperature dependence. To minimize these types of static stresses, a
different clamping condition was employed in all {emperature-variable measurements. A
thin layer of Thermalcote thermal joint compound (Thermalloy, Inc., Dallas, TX) was
applied to the entire contact area between the Wafer and the aluminum bushings. The
viscosity of the thermal joint compound alone was sufficient to maintain a pressure seal
with the lower bushing to well above a 0.2 kPa oscillating cavity pressure. In addition,
no torque was imparted to the screws as they were used only to loosely secure the wafer
between the bushings (they were hand-tightened until snug). Thcse modifications
(thermal joint compound at substrate/bushing contacts and screws loosened) at least
partially relieved thermal expansion mismatch-related static stresses by allowing the
wafer to expand/contract in-plane with respect to the pressure rig. |

This type of configuration changed the clamping boundary'conditirons, and the
film strain calculation by small deflection plate theory was no longer straightforward.
The new configuratioﬁ was intermediate between uniform loading of a circular plate with

clamped edge and one with a simply supported edge. These two situations are illustrated

in Figure 3.11.
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Figure 3.11 Uniformly loaded circular plate with (a) clamped edge and (b) simply
supported edge. Boundary COIldlthIlS are given above. r is radial position (m), « is
support radius (m), p is pressure (N/m?), w is deflection (m), and M, is the radial bending
moment (N-m).

Equations for calculation of in-plane stresses in the plate for the fully clamped
situation have been given (Equations 3.3 and 3.4). In the simply supported case, these

stresses are given by Equations 3.8 and 3.9.

P 34y )a - 1Y) (3.8)

Si

G, = :pi [B+vy)a® —(1+3v)r?] (3.9)

Si
The principal in-plane stresses for both situations are shown in Figure 3.12. Tt is

seen that changing from a simply supported condition to a fully clamped one shifts the

2

: _ 3
zero stress baseline upward on the stress axis by = P i . In contrast to the fully clamped

case where there is achange from tensile to compressive stress along the radius, the
radial stress is tensile everywhere in the simply supported case. In the situation of

intermediate clamping, such as that under discussion, this zero stress baseline is

positioned somewhere between these two limits. Because the exact clamping condition
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was unknown, a strain gage was used to measure strain during all experiments where the

clamping modification was employed.

Gg

=0 (Clamped Edgs

F 6=0 {Supported Edge) L

0 0.2 04 086 0.8 1

rla

Figure 3.12 Stress variation with radial position for a uniformly loaded circular plate
with clamped edge and simply supported edge. The zero stress baseline is shown for
each case. The wafer clamping modification results in a condition intermediate between
these extremes.

3.6.2.4 Strain Measurement

5$G-2/350-LY11 foil strain gages (Omega Eﬁgineering, Inc., Stamford, CT) were

used to measure strain, simultancously with charge output, during temperature-variable

e3rymeasurements. These gages measured 2.0 mm >< 1.8 mm and were bo_nded to the
film surface using Instant Krazy Glue® cyanoacrylate adhesive (Elmer’s Products, Inc.,
Columbus, OH). A quarter bridge circuit was used to ascertain the change in resistance
of the gage during cavity pressure oscillation and is shown schematically in Figure 3.13.
The 4 V DC excitation was provided by a PST-4130 regulated power supply (Omega

Engineering, Inc., Stamford, CT).
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Strain gage

fisxed re sistor

4V

1000 &2
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FPotentiometer

~350 §2 D

Figure 3.13 Schematic diagram of quarter bridge circuit used in strain measurements.

By adjusting the potentiometer, the bridge was initially balanced with the gage
unstrained such that Vz = V¢. During measurement, the voltage difference between
points B and C was mbnitored using a model SR830 DSP lock-in amplifier (Stanford

‘Research Systems, Sunnyvale, CA), and was used to determine strain in the film for a
given position and orientation.

A simple experiment was used to gauge our ability to duplicate clamping
conditions after a sample had been unclamped. A strain gage was fixed 1.1 cm from the
center of a film-coated wafer, the wafer was clamped between the bushings (only hand-
tight with joint compound), and strain was measured with the oscillating speaker pressure
applied. The wafer was then unclamped, rotated 60°, and the strain was measured as
before. This was repeated until the wafer was rotated back to its original position (7 total
measurements). This analysis revealed a uniformity of £0.22 pe (7%) at 1.1 cm and

room temperature.
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3.6.2.5 Wafer Preparation

Simultaneous monitoring of strain, temperature, and piezoelectric current was
required during temperature-variable e3; s measurements. The strain gage, thermocouple,
-and poled electrode should b¢ closely spaced and accessible since both strain and
temperatufe are functions of wafer position. To accommodate all of thé measurements, it
was assumed that strain and temp-erature were radially symmetfic. As shown in Figure
3.14, the following were placed at a distance of 1.1 cm from the wafer center:

» Wire leads were attached to three distinct Pt top electrodes

¢ A strain gage was bonded in radial orientation

e A thermocouple was fixed with Kapton® tape

K-type thern

Figure 3.14 3" PZT-coated wafer preparation for modified wafer flexure measurement
of e3; r with temperature (not to scale).
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The three leaded clectrodes were s;sbsequently poled and films were allowed to
age for at Ieast three days at room temperature to minimize aging effects during
measurement {at room temperature, piezoelectric constants in PZT films typically age at
5-10%/decade®®).

It was stated previously that both radial and tangential strains are needed to
calculate ey; £ by the wafer ﬂexﬁre method (Equation 3.1). At aradius of 1.1 cm from the
wafer center, these qua'ntities are not equal. However, according to Figure 3.12, for a
given clamping condition, the ratio of radial to tangential stress is constant.

Té verify this experir_nentally, two strain gages were fixed at 1.1 cm from the
center of a 3”7 PZT-coated wafer in radial and tangential orientations, respectively. The
wafer was clamped in the pressure rig using the modified clamping condition and the
output of each strain gage was monitored simultaneously as temﬁerature was varied
between -55°C and 85°C. The strain ratio x¢/ x, remained essentially constant (£3%) at
1.27 throughout the measured temperature range. As a result of this calibration, it was
assumed that the radial strain was directly proportional to the total strain (x, + xg).

Because only relative changes in e3;; were of interest, measurements of the tangential

strain were not done routinely.
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Chapter 4 : Results and Discussion

4.1 Introduction

This chapter presents results related to the temperature dependent characterization
of the effective transverse piezoelectric coefficient e; 150f PZT films using the modified
wafer flexure technique. Thick filins of varying thickness and Zr/Ti ratio were
characterized to elucidate mechanisms responsible for the measured electromechanical
properties. Dielectric, ferroelectric, and piezoelectric measurements were made as a

function of temperature, and film microstructure, phase, and orientation were analyzed.

In addition, measured characteristics of MEMS accelerometers are given and discussed. |

4.2 Stractural Characterization
Ten PZT films were analyzed in this chapter and all were prepared using the 2-
methoxyethanol-based chemical solution deposition process outlined in section 3.2. They

had thicknesses of 2 um, 4 um, or 6 pim and Z1/Ti ratios of 60/40, 52/48, 45/55, or 40/60.

4.2,1 X-Ray Diffraction Analysis
Figure 4.1 shows grazing angle XRD patterns for each film. Within the detection

limits, the filrus were phase—pure perovskite (i.e. no pyrochlore phase was identified).

Films were not strongly textured.
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Figure 4.1 X-ray diffraction patterns of chemical solution deposited PZT films

characterized in this study.

4.2.2 Atomic Force Microscopy Analysis

AFM was used to determine the average grain size of the films characterized in

this study. Several films were analyzed and no significant change in grain size was

observed as a function of thickness or composition. The surface grain size was found to

be 150-200 nm. Figure 4.2 shows an image of the surface of a 2 pm PZT 40/60 film.
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0 . 1 .. M
Figure 4.2 AFM image of the surface of a 2 um PZT 40/60 film. Average grain size
was 150-200 nm.

4.2.3 Scanning Electron Microscopy Analysis

SEM analysis was used to examine cross-sectional and near surface morphology.

As seen in the cross-sectional micrograph of the 6 um PZT 60/40 film (Figure 4.3a), a
clear boundary is visible between each crystallized layer and layers appear to be one
grain thick. Because each layer was crystallized separately in the RTA, it is likely that

the top surface of each layer provided nucleation sites for the layer above it. An almost

identical structure was seen in films of other thicknesses and Zr/Ti ratios. Also, the near
surface investigation (Figure 4.3b) revealed an average grain size in agreement with that

determined using AFM.

4.2.4 Surface Profilometry
The thickness of each film analyzed in this chapter was determined using a

surface profilometer. Films were fabricated at each Zr/Ti ratio (60/40, 52/48, 45/55, and

40/60) and measured thicknesses are shown in Table 4.1.
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SE WD 100 mm 206KV 112k WD 65 mm 2 pm

(@) (b)

Figure 4.3 SEM micrographs of (a) cross-section of a 6 um PZT 60/40 film and (b) near
surface morphology of a 4 um PZT 52/48 film.

Table 4.1 Measured thicknesses of ten PZT films characterized in this study.

Composition Thickness (Hm) £0.03 pm

PZT 60/40 2.11 4.11 6.03
PZT 52/48 1.87 4.01 5.86
PZT 45/55 1.96 - -
PZT 40/60 2.13 4.06 6.16

4.3 High and Low Field Electrical Characterization

4.3.1 Low Field Characterization

The dependence of the room temperature unpoled dielectric permittivity on PZT
film thickness and composition is shown in Figure 4.4a. The observed Z/Ti ratio

dependence can be explained by intrinsic contributions, and it is useful to revisit Figure

2.14, which plots the phenomenologically-derived intrinsic permittivity as a function of

temperature for each composition. At room temperature, the intrinsic relative
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permittivities of 60/40 and 52/48 compositions are roughly equal and greater than that of
tﬁe 40/60 compqsition (by several hundred). A similar relationship was seen in the
measured values for films in Figure 4.4, although here extrinsic contributions
(presumably 180° domain wall motion) are also included. Average values of relative
permittivity were 908, 884, 784, and 653 for films with 60/40, 52/48, 45/55, and 40/60
ratios, respectively. All are accurate to 10 or better. Note that the “average” value
reported for the PZT 45/55 composition is simply the measuredr permittivity of the 2 pm
film (784).

In the 60/40 and 52/48 compositions, the perfnittivity was found to increase with
film thickness. Increased domain wall contributions,’’ a change in the substrate
clamping, or the presence of lower dielectric constant interfacial or surface layers® are
possible reasons for this apparent thickﬁess dependence.

In all films, the measured dielectric loss tangent was <2.5% (Figure 4.4b). The

maximum loss tangent occurred in the 52/48 composition, nearest to the MPB and there

was no clear indication of a thickness dependence.

4.3.2 High Field Characterization

Figure 4.5 presents the results of the high field ferroelectric. characterization
pe'rformed at room temperature. Remanent polarization and coercive field values were
extracted from P-E hysteresis data. Figure 4.6 shows P-E loops for all 6 um PZT films.
These relative loop shapes were similar in the 2 pm and 4 pm films as well, with loops

becoming more square with increasing PbTiO; content. Results are consistent with the

existing literature on PZT films.*
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Figure 4.4 Plots of room temperature (a) relative permittivity and (b) loss tangent as a

function of Zr/Ti ratio for 2 pm, 4 pm, and 6 pm PZT films. Error bars are nested within
symbols in (a).

The highest and lowest measured values of remanent polarization occurred in the

6 um PZT 52/48 (27.0 £ 1.0 pC/em®) and 2 um PZT 40/60 films (19.4 + 1.0 pnClem?),

respectively. Coercive fields were found to be fairly independent of film thickness but
appreciably dependent upon Zr/Ti ratio. E. increased with PbTiO; content with average

values of 33.6, 36.8, and 52.4 £ 0.4 kV/cm for films with 60/40, 52/48, and 40/60 Zr/Ti

ratios, respectively.
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Figure 4.5 Plots of room temperature (a) remanent polarization and (b) coercive field as
a function of Zt/Ti ratio for 2, 4, and 6 pum PZT films.

4.3.3 Temperature Dependent Characterization

The ultimate goal of the investigation was to characterize the temperature
dependence of the ez, s coefficient of PZT films between -35°C and 85°C. However, it is

important to recognize the interrelationship between dielectric, ferroelectric, and

piezoelectric properties. For example, it was discussed previously that, intrinsically, the

piezoelectric d coefficient is related to the dielectric permittivity and ferroelectric
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Figure 4.6 Polarization-electric field hysteresis loops for 6 um PZT films measured at
room temperature.

polarizatién through Equations 1.14 and 1.15 for tetragonal and rhombohedral PZTs.
Consequently, a characterization of dielectric and ferroelectric properties between -55°C
and 85°C was performed and results were used in rationalizing temperature dependent

e3; rdata obtained from modified wafer flexure measurements.

4.3.3.1 Low Field Results
4.3.3.1.1 Curie Temperature Determjﬁation :

Due to effects of residual stresses, substrate clamping, grain size, etc. the Curie
ternperatures of bulk and film materials of the same composition may not be identical.
Because it is known that iﬁtrinsic piezoelectric coefficients of PZT increase rapidly near
T., accurate determination of film 7,’s is important in analyzing relative contributions of

intrinsic and extrinsic sources to the piezoelectric temperature dependence. High
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temperature permittivity measurements aré the common method for measuring Curie
temperatures of both ceramics and films.

T. is identified by the maximum in a plot of €, as a function of temperature,
Figure 4.7 is a plot of measured relative permittivity for the 2 um-thick PZT films. Curie
temperatures determined from this data are given in Table 4.2 (bulk 7.’s are included for
comparison). Film T.'s were found to follow same trend but were shifted to slightly
higher temperatures as compared to ceramic values. Part of this apparent shift could be
an artifact of the rapidly rising dielectric loss at high temperatures. This is consistent
with the observation that the apparent T was higher for lower frequencies, where the loss

component was appreciably larger.

2500 : : : : - 2.0
| [ ePZT 40/60 ’ : : |

A PZT 45/55 ; - -
® PZT 62/48| .5 : 22 ...] 15
m PZT 60/40 o ' :
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Figure 4.7 Plot of relative permittivity (€;3) of 2 um PZT films with different Zr/Ti
ratios as a function of temperature used in determining Curie temperatures,
Measurements were made at 20 kHz and ~0.15 kV/em.




Table 4.2 Measured Curie temperatures of 2 jim-thick PZT films and bulk PZTs.

Curie Temperature (°C)

PZT 40/60 PZT 45/55 PZT 52/48 PZT 60/40
Films 470 435 420 370
Ceramics® 419 407 399 366

*Ceramic data from Amin et al.>*

4.3.3.1.2 Near Room Temi:erature Characterization

Figures 4.8 and 4.9 show results of relative permittivity versus temperature
measurements carried out between —100.°C and 100°C, which are plotted as a function of
composition and film thickness, respectively. Data were taken on both heating and
cooling (both sets of data are plotted) and it is clear that thete was no hysteresis. The
temperature dependence of the capacitance was ascribed to the temperature dependence
~ of the permittivity (£;3), since dimensional changes were expeeted to be small over this
range.

In each film, permittivity increased with increasing temperature. Second order
polynomial regression fits to the measured data had associated Rzmvelues >0.99. Table
4.3 gives the percent increase in permittivity in the range of -55°C and 85°C based on
these polynomial regression fits. While the temperature dependence of permittivity over
this range was independent of film thickness, it was found to increase with decreasing

PbTiOs content. Average &;; increases were 43%, 35%, and 23% for films with 60/40,

32/48, and 40/60 ratios, respectively.
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Figure 4.8 Relative permittivity and dielectric loss tangent of PPZT/Pt stack plotted as
a function of temperature for (a) 2 um, (b) 4 tm, and (c) 6 pm films measured at 1 kHz.
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Figure 4.9 Relative permittivity of Pt/PZT/Pt stack plotted as a function of temperature
for (a) PZT 40/60, (b) 52/48, and (c) 60/40 films measured at 1 kHz.
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Table 4.3 Percent increase in permittivity from -55 to 85°C based on second order
polynomial regression fits to measured data for PZT films.

Composition 2 um 4 um 6 pm

PZT 60/40  41+2%  44+3% 43+ 3%
PZT 52/48  35+2%  34+3%  36+3%

PZT 40/60 23+3% 23 £3% 23+3%

This permittivity versus temperature béhavior is due to the approach to T, (Figure
2.14). As aresult, for a given temperature range, compositions with lower Curie
temperatures are expected to exhibit a greater temperature dependence of permittivity.
For the films analyzed, the percent increase in permittivity between -55°C and 85°C was
greatest in the films with a Zr/Ti ratio of 60/40 and least in the PZT 40/60 films. This
was consistent with the variation in 7, between the bulk compositions (Figure 2.23): PZT
60/40 (366°C), PZT 52/48 (389°C), and PZT 40/60 (419°C). .Dielectric loss decreased
slightly with increasing temperatufe but remain £3% in all films over the measured range.

The temperature dependence of the permittivity (i.e. slopes of the €33 versus.

temperature curves) did not appear to be film thickness dependent in any of the films

over the measured temperature range.

4.3.3.2 High Field Results
~ Figures 4.10 and 4.11 present the results of the high field ferroelectric
characterization performed as a function of temperature between -55°C and 85°C. Data

are plotted as a function of composition and film thickness, respectively. Again,

remanent polarization and coercive field values were extracted from P-E hysteresis data.
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Measurements were made with the samples held at temperature (S min temperature
stabilization). To illustrate relative changes in P-E loop shape with temperature that were
characteristic of all film samples, Figure 4.12 shows P-E loops for the 2 um PZT 40/60
film measured at -55°C, 15°C, and 85°C. As expected, both remanent polarization and
coercive field decreased -with increasing temperature.

P, and E, exhibited a nearly linear dependence on temperatufe between -55°C and
85°C. Linear regression fits to the data had associated R%-values > 0.99. Tables 4.4 and
4.5 give the percent decrease in P, and E,, respectively, from -55°C to 85°C based on
| these fits.

The percent decrease in P, from -55°C to 85°C was found to be highest in films
with the lowest PbTiO; content. Avei"age values were 34%, 26%, and 17%, in films with
Zr/Ti ratios of 60/40, 52/48, and 40/60, respectively. The measured temperature
deﬁendence of P, is consistent with the drop in spontaneous polarization as 7, is
approached (Figure 2.15). Accordingly, for a given lemperature range, one would expect
compositions with lower Curie temperatures to exhibit a greater temi)erature dependence
of remanent polarization.

It is also seen that for each composition, 6 pm films showed the smallest decrease
in P, over the measured range, although differences were slight. This may be due to
increased domain contributions in these thicker films.?® If domain wall motion was
significant in these films, the extrinsic contributions to polarization would be expected to

increase with temperature (section 2.5.2). This would counteract the intrinsic decrease in

P;, producing a flatter temperature response.
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‘Figure 4.10 Temperature dependence of remanent polarization and coercive field for (a)
2 um, (b) 4 um, and (c) 6 um PZT films. In E. plots, error bars are nested within
symbols.
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Figure 4.12 Polarization-electric field hysteresis loops as a function of temperature for
the 2 um PZT 40/60 film.

Table 4.4 Percent decrease in remanent polarization from -55°C to 85°C based on linear
regression fits to measured data for PZT films.

Composition 2 um 4 um 6 um

PZT 60/40 4% 36:5% 31+4%
PZT 52/48 291 5% 29t5% 19+ 4%

PZT 40/60 18+ 6% 17+ 5% 15+£5%

Table 4.5 Percent decrease in coercive field from -55°C to 85°C based on linear
regression fits to measured data for PZT films.

Composition 2 um 4 um 6 um

PZT 60/40 50+ 2% 5712% 54 £ 2%
PZT 52/48 50+ 2% 541 2% 50+ 2%

PZT 40/60 46 £ 1% 49+ 1% 51+1%
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Table 4.6 gives both the percent change in P, predicted by phenomenology
(Figure 2.15) and the average measured decrease in P, between -55°C and 85°C for each
film composition. Trends in P, are consistent with those in Ps, with PZT 60/40 films
showing the largest temperature dependence, followed by PZT 52/48 and 40760,
respectively. However, for all Zt/Ti ratios, decreases in P, over the measured
temperature range are larger than decreases in P,. The origin of this behavior is unclear.
Nometheless, results suggest that even under high field excitation, over the temperature
range probed, there is no strong evidence for significantly increased non-180° domain
wall motion (at least on the time scale of a P-E hysteresis measurement). If domain wall
contributions had been significant, one would expect a weaker termperature dependence

of P., not a stronger one such as that observed.

Table 4.6 Normalized percent changes in P, predicted by phenomenology on heating
from -55°C to 85°C based on PZT Zt/Ti ratio. Measured P, values are shown for

comparison.

Composition AP (calculated) AP, (measured)
PZT 60/40 -17% -34+7%
PZT 52/48 -16% -26 £ 8%
PZT 40/60 -10% -17+5%

4.4 Piezoelectric Characterization

In this section, the effective transverse piezoelectric coefficients e, 5 of all films
were characterized both at room temperature and as a function of temperature between

-55°C and 85°C. Roormn temperature measurements were carried out using the wafer




fNexore technique ws deseribed by Shepard e ol Additionally, in light of the resuls
tlitained by Dubois ef ol in which the maximum le,, | cocfficient oceurred al the 2T
43433 composition in ~900 nm <111> ariented sal-gel Rlms (discussed in section 2.8,
a 2 um PZT 43735 film was prepared by the method deacribed in section 2.2 and jts raom
LEMPeramLe g3y 0 Was medsurcd,

€35 ¢ medsurements of films as a function of temperaiure betwean -33°C and 554C

were made nsing the moli fed wafer flexure method.

4.4.1 Room Temperature ey  Characterization
Figure 4.13 shaws the resulls of the room lemperature ¢, characterization by the
wiafer flexure methed, Measuremnents were Laken ~30 5 alter removal of the roling field

(AE} und, as a result, values approximale deaged piecoelectric coeflicients,

21,0 {Bfmz]

D35 040 045 080 065 060 088
PETIOL content

Figure 413 Room lemperature imansverse piesaeleetric caefficien! e, ; a5 & funciion of
ZrfT1 ratie for 2 ym, 4 pm, and § pm PZT films,




The mazimum lezid wous obsorved wl the PET 52/48 composition. Maximmm
electromechanical activity at the MPE is characteristic of bulk PZT ceramics {sootion
281} These data are also in agreement with the resulis of Chen™ (1 um sol-gel PZT
films aver a wide composition range) and Xu™ (1 um, <1112 and <100 sal-gel PZT
tilina near the MPB).

As mentioned previously, Dubois™ {Fizure 2.29) found ;10 be 2 maxitmam on
the: (etragonal side of the phase boundary (PZT £5/535), Consequently, a 2 jim PET 45/55
Mim was prepared and is roam lemperatuee e;,  was characterized in this stuwdy. ey, . of
the 5248 compaosition was found Lo be slightly higher (hat that of the 45/55 (6.09 and
5.71 Cim®, reapectivelyy. Tt is posaible that che ohserved disparity in the composition of
raximuim piecoclectric activity is due o differcnees in the comcentration or distriberion
of orientable defect dipoles (ie. V" — V™) or space charges, asymmetric electrodes,

paling ul'l'i{'.ir:ucy“ iespecially in sputlercd films), or aTiin S1Zo.

4.4.2 Temperaiure Dependent Piezoeleetric Characterization

The moditicd wafer Nexure techmigue was nsed 1o wscertain the [EMIprEiTe
dependence of the transverse piezoelevitic coetficient eyt In the ranpe of -55*C to R5°C,
It ia imporiant to reiterate hat 21 films were well-aged (>3 davs) peior W neasurement.
Mezsurements were made on hoth heating and coolin £ and [or cach film, the charge
autput from 2 1o 3 leaded electrodes (all 1.1 cm from water center) was monitored in

REPEATAIC CEperiments.




4.4.21 Elecirnde-to-Electrode Uniformity

Figare 4.14 pressnts piezoclect:ic cocfficient data collocted trom three disting
electrades in thiee separale temperature experiments an a 2 um PET 6040 Him.
Measured ey coefficients were normalized to their room temperature values and ploted

as a funcrion of temperatuee for cach film.

1.3 T : - :
LI VI
1.2 f-laelecrods T/ i 0. ;ﬁ ..... :
o ® electrods 2| | : i
é 1.1 oo #&lecinode 3 E" ..... g
g : : ; L
E 1.0 F-ooriid i | ....... .g ..... F. IIJ‘---'\- =
E L e i
0.9 Foos... AR [RUETT SRR S o A
i Lt 1
2 e =
o8 F- ....'ﬁtﬁ....i........ ; v 2
0.7 : : - A

-
4

n
=

25 i 25 ¥ ¥5 1409
Temperatura {"C)

Figure 4,14 Ploc of normalized les) d ax a function of temperature for o 2 pm PZT &0/40

tilm. Data were collected from three disline! electredes (denoied 1, 2, and 3 during three
SCPRrale experiments.

™o significant hysteresis was observed in the memsured daa during temperature
cycling, which indicated minimal depaling. Sceond order polymomial regression fils 1o
data irom cach electrods were used 1o detzrmine the percent increase in l2ay A trom -555C
t 8570, For the 2 um PZT 60040 film, clectrodes 1, 2, and 3 {Fiaure 4143 yiclded bz
ihereases of SU%, 49%, and 44%, respectively. This resulted in a varigtion of =3,
Electrode-to-electrode uniformilies were caleulated similarly for all films and variations

wors borween =% and 5%,
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4.4.2.2 Waler-lo-Wafer Lniformity

Additionally, the waler-to-wafer uniformity way determined. Two PET 52048
rilms, 2 um m thickness were prepared an 37 Pl-costes] §1 walers. Flecirodes were
deposited and room lemperature dielecine, ferroclecttic, and piezozleotric propesties
were measursd, Vanatons in permittivity, remanent polurization, and e3; ¢ were 20,7,
12 1%, and £1.8%, respectively. Subsequenily, strain gages were affixed and
temperatre dependent £ -messurements of 2 electrodes {from cach film) were made.
When data were averaged for each film, the percent increasss in ley; A from -55°C to 83°C
were determined  be 28% and 39%. This resulied in wafer-to-wafer variation of nearly
%,

t s believed that this uncertainty hinged primarily on the ability to duplicate the
clamping conditions afler removing a wafer from the g (as deseribesd in section 3.6.2.4).
Based vn this expenment, snd depending o the magnitude of the ¢y rchange over the
lemperamurs range, wafer-to-water unilformiies for all films were expected 1 be in the

range of = 3—12%.

4.4.23 Temperature Dependence of eiif

Fignre 4.13 shews plats of normalized leqy | as a function of wmperature for F£T
A, 52048, and 0060 films for each [lm thickness. Sceond order polynomial
repression (05 (o the measured le;; ) versus lemperature data had associated B values =
098, Data collected from all measured elecirodes for cach film were avoraged. Table

477 mives the pereenl Inoreass in |£;_-,‘J caefficient Mrom -5357C to B57C hased on these

polvmonial fits,
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Table 4.7 Percent increass in ley | from =55°C 10 £5°C hused an seecond onder
palymomial regression fits to measured data for PPT filme,

Compogition & Lim o [ LT

FET $0/60 7+ 34 13+4%  16+3%
PET 5248  20£7% 17+5% A0+ 11

FET a0 48 + 10% L8R 54

The percent increases in ley; | coelMicient from -55°C to 2550 show an vhvious
dependence on composition, For films of a aiven thickness, the emperalure dependence
is stronger for decressing PhTiChy content, Again, this s consistent with the intrinsic
plezoeleciric response, which incresses rapidly approaching . (Figure 2.16).

I all cases, the chickest llms (& m) exhibited the largest lemparamue varigtion.
although the changes were comparatively small {narticularly for PZT 400600, Increaced
nen-170° domain wall conteibutions, in corhparison with 2 pm and A pm films, may have
Been the cause. This is consistent with the weaker temperature dependence of P,
measured for these filins (seetion 4.3.3,2),.

Resules also agrec with those of Xu et al.™ where dss, coellicients of 6.7 wim-thick
PZT 52048 Mms showed a much stronger dependence on sub-coercive AC clectric field
tat | kHz) as compared to 3.2 and 1.5 Mmi-thick Mlms of similar grain sive (Fizure 2.1 abo,
Also, Xu found that for films al ~0.1 wn average prain size, the threshold field for pog-

18U demain switching {as detesmined by the ansct of the decrease in dielectric constant

#5 & function of DC paling fizld) decressed with flm thickness, indicating reduced nin-
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1807 domain wall pinning in thicker films, Measured threshold fields were B, 3903, and
IOk em Tor 3.2, 5.2, and 6.5 um-thick FZT 520438 films.

Furthermore, and consislent with the ahaove discussion, 1t is postulated tha the
temzperature dependence of the e coefficient of P21 films will vary with the megnitude
of the electric field (o strain) oscillaton. Larger oscillations muy cnable a greater degres
af non-1580F domain switching and the effects of these increased exirinsic conteihutions
will carry their own lemperatre dependence, which is added to the intrinsic dependence.
The end result may be stronger lemperature dependence of ey, (at leasl botween -55°C
and A5°C) with increasing field or strain oscillalion magnitude, This could be especially

mmpertant is deseribing the temperature dependence of PZT film actuators,

4.5 Factors AfTecting Electromechanical Properties of PZT Films During

Temperature Cycling Between -55 and 85°C

Temparatee dependent elecitomeachanical analysis of g FLT film s complicaled
by the fact that it is clamped 1o 4 rigid subsitate. Several factors can be cited thal TpPaC
its piezoeleciric behavier as temperature is varied. These include changes in (1) intrinsic
And exurinsie contributions o plezoelectricity, {2) lilm elastic properties, (3) substrate
elaslic properties, and (4) the residual siress state. The following section identilfi=s and
discusses the contributions of each of these un the measured chan zes in the ey,

piezaeleciric coetficient of the chemical salution deposited PZT films deposited on S

substrates in cycling booween -33 and 8350,
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4.5.1 Tntrinsic Contributions Lo Piezoclectricity

Revisiting Eyuarion 2.16, &3, 18 directly proportions] to ds,. As g slarting point, il
5 aysimedd 1hat the tempersiure dependence of 4., is largely controlled by intrinzic
contributions aver the measured temperaturs ramge, 1n accondance with Bguations 2,14
and 2.15. Table 4.8 gives intrinsic k)| values as caleulated fom phenomenalegy (Figure
2.16) for near MPD compositions, PZT 60040 exhibics the arcatest piessloctiic

temperalure dependence of the three from -35 to $5°0C {+505.

Table 4.8 Intrinsic 45 values of severs] PZT compositions {from Figure 2,16}, The
percent increase from -55°C ro B5°C iy also given.

Zri 1} rativ 400600 56/50 GUNE0
Il @ -S5°C SI poun 134 61
dzfl @ 85°C 67 pON 180 Ok
incrense 27% 295 0% '

4.5.2 Film Elastic Properties

Equation 2,10 also reveals that ex ¢ is inversely propoctional to the sum of film
clastic compliance coefficients, 5,,% and 52% it s asaumed that ferrpelastc wall
metom is limited, 5,0 will be dominated by intTinsic sources amd, us shown in section
2.7.2, should be relatively stuble with lemperature, Per Figure 2. 26, the greatest
temperiture dependence from =55 te 85%C was cxhibired by the PZT 3348 composition
(lecressing by 4% while compasitions further from the MPR showed even loweer
dependences (1-29). TF domain wall motion were allowrad, the lemperaturs variation of

i+ & should be -4 14% (Figure 2,25). Given these relatively modest changes, it is
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blieved that the abserved terperaturs dependence of ¢4, - is dominated by the

dependence of ds; (Equation 2.18),

4.5.3 Substrate Elastic Propertics

The clastic prapertics of the substrate also chan ge with lemporatre and this may
impuct the way in which the PEL filin iy clamped. MecSkimin™ datermined the elastic
stiffness coelficicnts (o, 002 and ca) of single crvalal silicon vver a range of
temperature using high frequency ultrasonic waves. Measured stif mess coelMcients
decreased linearly with temperare. On heating from -55 s 85°C, Young’s modulug and
Poisson’s rato were found 1o change by -0.3% and +1.3%, mespectively,

Thas lype of subsitate soflening can uffect the measused properties of PLT films,
A reduciion in subsitate stiffness with temperature could act to relieve local stresses,
which may iTec up pinned domain walls and reault in increased exrrinsie contribulions o
film properties. However, hecause silicon’s elastic consiants ate nol expacted to vary
apprectably over the measured termperaturs ran Ee (a5 shown above), it is unlikely that
substrate soflening had a steon g effectonthe e 31, VEISUA Cemperature resule: measured for

PZT lilmsa in this study.

d.5.4 Residual Stress State
Cooling a PZT film from it crystallization temperature (~700°C) can give rise o

significant residual stresses, A difference in thermal expansion cheracteriatics hetween

- 3 L . . £ i 4
tilm and subsirale matesials is the pnmary causc. Bgustion 4.1 can be used 1o caloulaig
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the magmitudes und sign af the stess (o) developed through a iemperature chan 2e{AT)
based on linear coefficients of thermal expansion (ppmy®C) of the film and substrate.

£ yilmi ;
o i = I'-l ; ]Lﬁ:am1-w s Iy .:Ij'T [‘:1' 1.:'
—¥ fitw

The thermal expansion cosificient of silicon is ahout 2.6 ppuCE Ahove the
Curic temperature, expansion coefficients of bulk PZTs near the MPR range from 5—16
ppm™C® Consequently, PZT films are known ta be in telatively large tensile stales of
lensile stress (several hundred MPa) as they are conled through 1,77

Tagure 4,17 plots siress in a PZT 53047 fiim degrisited on Ptecoated (1007 5
below its Curie lemperanie as measured in waler curvature mewsurements. ™ Tensile
stress in Lhe film was found te decline as the sample was cooled, which i an indication
that the thermal expansion coefficient was slightly lower that that of silicon. This is in
agreermen| with reported thermal expansion ceetficients of bulk PZT af the MPE
vamposition (2.0 ppmC). % Mowever, it should be nated that the high stresses present
during formation of the domain siucoue [ T mav act o modify the relative
populations of ferroelastic domains within the film plane in an atteinpl by mininize hess
stresses (1e. domain texturing will accur), which will aljust the therimal expansion
coctficient from its bulk value, This is particularly impottant in tetragonal PZT
compozitions were thers is considerable anisotropy in the linear thermal expansion
cosfficient, Fignre £ 18 plats thermal expansion behavior of g and ¢ axes of the unit cel]

of FAT 3268, As temperature increases toward T, @ anes lengthen at the sxpense of ¢

axesy.
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Film stress can have # significant impact on measured propertiss.™ Tt is also
knewn thar, during e;; measurements as a function of temperature, the residual stress in
the LT filmy was changing wilh lemperature, Accerding w the results repuricd by
Tuttle™ (Figure 4.17), the stross magnitude can vary on the order of 100-200 kPa™C in a
PZY film at the MPT. Between -35 and 85°C, this translates o 2 non-trivial stress

change of -15-30 MPa.

4.5.5 Biaxial Stress Measoremenis

An experiment involving the unifortn pressure rie (section 3.6, 1.3) was designed
to assess the impact of biaxial stress changes of this magmitude (tens of MPa) on the
pieraelectric response of a PZT film. By altsching a small film sample tr a thin
alymimum plate enil plastically deforming the plate, an external biaxial strain was
spoesed on the film, The wafer flexure method was then used to measure curcent kg
for a given cavity peessure oscillation. Tz o the complexity of the sarmple
contiguration, il was difficult to caloulate film streszes theoretically, and direct sirain
MEUsUTEMENt {Uaing 4 resistance sirain gage) was utilized. The measured racia of
plezoelectric charge outpul o strain was diteetly proportional to €311

First, a7 mem % 7 mm square sample was cut from a 2 wm PZT 520448 film
depusited on a Pt-coaled S1 water (processed according 1o section .20 with 1.5 mm-
diameter Prtop electrodes {section 34,10 A small comer was elehed with dilue IMHCL
soluton (section e 2) to allow slectrdcal conlact to the bortom electrode, The backside
Ll the sample (5i) was then polished until the samfle thickness was 173-225 um. The

sample was Nxed to the center of an 8 mm-thick, 3.5 in-diameler circolar alominem plaic




106

uaing a very thin layer of Torr Seal® low vapar pressure resin (Varian Vacumm
lzchnolegies, Lexington, BLA) and a strain gage was Nxed ar the cencer of <he film
sumple (according to section 3.6.2.4), The film was poled at 3E, for 20 min and allowsd
Lo ayres it lewst 3 days at roam tempersiure, Fipure 4.19 shows the sample configuration at
thia painl.

The aluminum plate was placed in the pressure rig and the screws were lightly
secured. To irmpose an external biaxial strain on the film, the cavily was prossuriced
UsIng an Ar gas lank equipped wich a regulalor. causing the aluminum plate to defurm,
hath elasticallv and plastically, Typically, several minutes at pressures as high as 700
kl'a were reyuired for the dezired level of plastic deformation, Tnsertion of the aluminum
plate inio the rig either sample-side-up or sample-side-down controlled the sign of the
cxternal strain imposed, jensile or compressive, reapectively. Afier the cavity pressurc
was released, stacic film soain caused by the plate deformation was determined wsin g

mide] 3500 wide range strain indicator (Vishay Instruments Group, loc.. Raleigh, MO

.-"rl- LA Sy £ ‘-. HIH“:\-
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Figure 4.1% Sample proparation for room tem peralure measurement of 5, as o funstion
of caternal biaxial stross (schematic not Lo scalg)
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In {his way, external hiaxial straing between on (e order ol several hundred microstrain
were achiaved in the film,

Relative changes in e3¢ al cach exiernal stain level were guantified hy
simultanecusly measuring cument dutpul and strain when an oscillating pressure was
criven inta the cavily in the setup described in zection 2.6.1 Top and battom clectrodes
were contacted using point probes. The reference voltage from the lock-in Amplifier was
mcreased 1o 16 V., al 4 He to rfaise the periodic strain level {the rado of film strain to
cavity pressure is allercd for dome-shaped plates;.

Figure 4,20 shows the measured results of the ax ernal strain dependence of E314
tor several 2 pm PZT 52048 films. Assuming a FZT film Younz's modulus and
Poisson’s ratio of 101 (Pg and 0.3, respeciively.” that arc constant over the measred
strain range, external stresses are caloulated and included in the plot. £ was found to
Increase with increasing tensile strain. An incresse of ~295 was ubserved between =300
and +200 e, This is in agreement with findings of Dubois in which €210 Wik measured
a4 a function of static strain usin £ amedsuremcnt technique based on foreed deflection of
u PLT film-coated 8 cantilever ™ [n that work, an -8% incresse was ohserved from -RB00
and +300 g for a 900 nm gol-gel PZT 45/535 film deposited on a Pteoated i substraie.

It is believed that during the lemperaiure dependent €25 measmiements maide
between -55 and 85°C, biaxial strain varied - | 5—30 MPa as a resull of differences in
thermal expansion coeffictents botween flm and substrate materials. Based on the resulis

presented above, this thermal mismatch strain variation is res ponstble for 1-3% of the

measured change in €40 0F the VAT iims characterizad in this atudy.
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Figore 420 Normalizeil e,y ¢ coefTicient of a2 pum PZT 52048 film measured al room

temiperature as % function of extemal strain. The stress was caleulated assurming £ = 10]
GPa and v = 0.3 [or the P£T film,

4.6 MEMS Accelerometers

Figure <21 presents photographs of annulae-type MEMS acceleremeters thal
were suceesstully fabricaed inthis study, Additional derails on the Tabrication are piven

eluowhere,”

4.6.1 Frequency Response Results

Figure 4232 iz a frequency response plot for an annular-type MERMS
secleromeler. Note the flal [requency response between ~260 Hz and just below the
tundamental resonance [requency at 22,1 kHz. The near DC frequency drop off is 4
reault of piczpn:lf-:triu charge leakage, & comman feslure in piezoelectric
accelerpmetens.” Observed respemse versus frequancy daly for MEMS accelerometers of

several types all extobited similar characteriatios with a relativel ¥ flal frequency response

ut o the first resonance fregquency.




CrfAu top
clectrodle

Y

(al (M}

Figure 4.21 Photographs of (1) frontside and (h) backside processed annular MTMS
scccleromerers feourtesy of Wilcoxon Rescarch, Ine )" Device packiaging is also
incluled n {h],
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Figure 421 Messured frequency respanse of an annular disphragm-type MEMS
seeelerameter. The resomant frequency was 22,1 kHz and the sensitivity was 0.47 pCfe.

Reported sensitivities were chosen at 1 klz el these are plotted as a funclion of
device resonance trequency in Mpure 4,23, These results reemphasizs the wadealT

between sensitivily and resonance frequency. As described previously (section 3.3.1),

the target resonanice frequency and charge sensitivily af the MEMS acceleromeler wore
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220 &lTe and 21.0 pCfg, vespectively, Of the MEMS chips fabricated sad wsted in thic
study, the highest measurcd sensitivity for a device with 2 resonance frequency grearer
v 260 kE was 0052 pOfg (fe = 21.7 KMz, I may therefore be desirable to nae multiple
chips, optimize poling cfficiency, or increase electrode area to obtait the target charpe
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Figure 4.23  Scnzitivily plotted as & function of resanance frequency lor several (vpes of
MEMS aucelcrometers with varying suppor! beam thicknesses.”
4.6.2 Impedance Resonance Resulis
lmpedance resonance measurements were made to i1} double-check resonance
frequencies measured using the shaker selup and (2] analyze device resonance
frequencics that exceeded the maximum [requency of the shaker [~40 kHz). Figure 4.24

shaws ume of these curves for 4 cantilever-type device with a resanancs frequency of 8.2

EHzx.
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Resulls from frequency response and impedancs: resonance meastrements wore i
excellent agreement. For all chips lested, device resonance frequencics determined b

these wo methods were generally within 0.2 KHz (maximuam of 0.4 k),

Impedanca (ki)

i
Phasa Angle (deg)

45
& 7 a L} 0
Fregusncy {kHz)

Figure 4.24 Tmpedance characteriatics of & cantilever-type MEMS accelerometer
showing fimdamental resonance at 8.2 kHz, 7 and & are impedance and phase angle,
respectively.

4.6.3 Temperature Considerations

The e3) s measurements of PZT films us a function of lemperalure teportad eqrljer
give insight into the lemperalure performance of the MEMS aceeleramelers. The
observed piesoclectric coefficient variation with lemiperature wiil impact devics
sensitivity (ie. accelerometers will he more sensitive above room lemperalure and logs
sensitive below). If it is assumed that the remperature dependence of &, - is dominated

by the intrinsic ds; response, (he sensitivity of a device utilizing a & um PZT 52443 filim

will vary ahout 0% over the temperiture specifivation range. For g devies with "
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measureil sensirivigy of (05 pCre at reom tempetatire, this translates to sensitivites of
0,33 and 0.65 pCiy at -55 and §5°C, respectively.

Tor applications where tomperatare varations of this ma smitude are nat talerabic,
it may be wseful w choose o PZT composition with hi gher PhTi0s content (higher 7.0,
Theae films will exhibit lover & sy values (as compared to near MPR compositions) but
wilh weaker temperature dependence. To illustrate this ides, let us assume that 2 PZT
tilm was chasen (o serve the piexoclectric funclion in 2 MEMS sensor. Based an the
resuiis abtained in this study, the normalized sensitivity and temperature dependence

| berween -55 and $3VC) are piven in Tahle 4.9,

Table 4.9 Normalized sensitivity and temperature dependence of sensitivity of a
hypothetical MEMS sensor invalving a piezoclectric PZT film clement. Values are hased
on ey V3. Rmperatuie data ohtamed in this study.

Film Mormalized % Increase in Sensitivity
Coniresition Sensirivily (frowm =33 to 85°C)
AT 52148 .00 224% -
PET 4555 0.57 net measuresd

PZT 460 0.57 12%




Chapter 5 : Conclusions and Future Worlk

5.1 Conclusions

8.1.1 The Moditied Waler Flexure Technigque for Temperature Dependent
Measurement of the Effective Transverse Piezoelectriy Coefficient e;; 7 0f Filims

In this invesligation, the walcr flexure technique’ was modified to allow
measurernent of the eap cooefficient of flms as a fenction of emperature between -55 and
3370 (» common device specification), Measurements ahove TOOT G peralune were
achieved by uniformly heating (he pressure rig using resistive heatars. 1w teTPEraluTe
MEAsUrEnients were made in a lkquid nicrogen-cecled chamber, A periodic prossure ws
driven inta the cavily below a PZT film-coated Si wafer, privlucing an oscillaling flexuee
in the water,

Freviously, the roam lemperature hisxial strain imposed on the film was
calvulated nsing simple plate mechanics and the messmeed cavity pressuie, However, (e
o differenes in thermal expansion characteristics between the pressure rig and the
witter, 1 modified lamping condilion was chosen, which made theooretical madel it of
the strain difficult (particulary us the temnperaure was varied), As areselt, strain was
measured directly using 4 strain gage. During measurement, a strain gage, lhermocoupls,
and top elecirode were positioned al the same radivs near the center of the waler, By
stmultanecusly monitoring the piezeelectric ch arge output and the magnituds of hiaxial

strain in the filie {using dual lock-in ampliliers}, e;, cwas caleulated over the -55 to 8550

oM peralure THRED.
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3.1.2 Temperature Dependent Characterization of the Piezoelectric Behavior of
PZT Films on Pl-costed Silicon Substruies Between -55 and 85°C

PET flms of varying thickness (2 pum. 4 pur, 6 wmd and 2o T ado (40060, 45053,
S2/4R, and G0VA0T were prepured on PYTSI0NS substrates by chemical solution
deposition and rapid thermal annealing. Structiral characlerization (XRD, SEM, AFM)
revealed phase-pure perovskite and an average grain size of | 50—200 nm for all films.

Laow Micld diclectric propertics of films were determined as a funerion of
lenperature over e lemperatine range of interest (33 to 85°C7, Ar room lemmperature,
average permillivities of AT 5248 and 80440 films were similar (284 and 908,
respectively end considerably larger than the W60 cormposition (653, Additionally,
perrmittivisy increased wilh film thickness at all 26T ratios, which may be due 1o
decreased bnpect of surface o interfacial lavers, a decregse in substrate clamping, or
increased extrinsic contributions from 1B0¢ and non-130° domain walls. Tn all filinis, Lhe
dizlectric loss remained low (=3%) aver the measuted temperature Tange,

The permictivity (£;;) was found (o increase linsarly with emperalure from -35 w
BI°C in all films. The temperature dependence was independent of film thickness hul
showed a strong dependence on composition. Over the measured ran #o, £ increased by
453%, 35%, and 23% in A0/20, 5248, anl A0S0 compesilions, respectively. Dilferonces
were attributed to differences in Curie lemperatures belween compositions, s hath
mirinsic and extrinsic contributions are known to increase rapidly near I

High ficld ferroelectric properties were also measured helweren -55 and §3°C7

Room temperatiuse remanent pelarizations wera found o increase with both thickness and
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PLTild; content. Meusured coercive fizlds alss increased with FhTiCh content, E, was
independent of film thickness.

The remanent polanzation decreased linearly with temperalure over the measured
range. The greatest variabilicy was observed in films with the fowest PETION contest.
On average, P, decreased by 34%, 26%. and | 7% tor films with PZT GO, 32048, and
W60 compositions, respecively.

The water Mexure technique was used 1o determine room tem peralure 25
voctticients. At each lm thickness, maximum lesp A values were observed at the PET
32448 composition, which i a result consistent with availahle data for ceramic PZTs,
The thickest (6 wmi PZT 52/48 [ilm exhibited the largest 5, value {-6.5 Cim®),

Lhe temperatare dependence of lear 4 wus characierized from -55 and 8570 by the
oklified waler flexure technigue. To all films, | 2.4 was found W increase with
lemperature and average increases were 465, 32%, and 12% for films with P2 B0,
3248, und V60 compositions, respeciively. Within films of a given composition, the
thickest (6 pm) films exhibited the bi thest temperature dependences. Uneertainty in
these measurements ranged from +£3-12%. Similar to the belavior of &7 and P, the
Breatest vartahilicy in e, was chserved in films wilh lower PhTiCh contenl. This is heat
cxplained by the lact that PZTs with lower FhTiO5 conlent have lower T2 values. Fora
aet lelmperalure range, these compoesitions are influenced 1o a Ereater exlent by the sharp
risc in intrinsic piezoclectric activity noar 7.

In wddition, potential contribulors to the rmcasured variation in electromechanical

response of the PET films between -55 and 85°C were identified and discnzsed. These

mcluded changes in film elastic propertics, subsivate elastic properties, and the biaxial
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stress statc of the film. Consistent with the intrinsic compliance behavior PET with
temmperatre, it was postulated that film softening was respansible for decTeasimg gy, oy
1-2% in hesting from <35 w 85°C, Due to the relatively small changes calealated for Si
elaslic constants over the measured temperalure range |5 and v changed 0.3% and 1.3%,
respeoctivel yi, il is unlikely that subsirae softening produced substantial changes in ej .
Finally, changes in the bisxial steess in the film cansed by the filmésubsirate thermal
expunsion mismatch were expeeted to infMusnee the measured 2, £ VRCRUS Lemperaire
results, Measurements of normalized €405 a Tunction of externally imposed biaxial film
strain were made with the uniform pressure rig and used to guanlify the residual stross
contribution. Based on the resulls obtained for u 2 pm PZT S24R flm, changes in
bizxial [lm stress with emperature are expected to account for 1-3% of the messtred
increwse in @y from -55 to 8590,

1o the best of vur knowledge, this is the first comprehensive stedy facusin g on

the temperature dependence of the electromechanical response of PET films.

5.1.3 Piezoelectric MEMS Accelerometers In¥olving PLT Filims

The other aspect of this study was to design, fabricate, snid characterize MEMS
socelerometers that utilized chemical salution deposited thick PZT filins #s the active
pizzeelectric sensing element, Tt was a cooperative effart involving groups at Penn Stale
Universicy and Wilcoxon Research, Inc. This i the first known MEMS deviee that
combines thick PZT Milms with deep-trench reaclive jon sech IDRTE) processing.

The charge sensitivity and resonance frequency of the MEMS chips wiers

analyred nsing frequency response and impedance resonance measurements, which
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excited responses hoth mechanically and slectrcally, respectively. As expected, there
was o radeotf belwern sensitivity snd resonance trequency. This was laraely controlled
by variations m diaphragm thickness within the annular sensin g structure. The highes:
measured sensitivity for a dovice with a resonanes mrequency =20 kHz was -0.5 plre.
The device with the highest sensitivity (7.6 p/e) had an associaled resanance freguency
of -4 kHz.

The temperatare dependent e, measurements discussed previously wers used to
predict the influsice of temperatire on the MEMS acoslerometsr sensitivily. I was
sugzested (hat changes in ey, - with temperature conld be approximately treated by
changes in the intrinsic ds; caleulated from ferroelectric phenumenalogy. For the MEMS
acceleromaetor using a & o PZT 5248 film, the measured sensilivify is thus expected Lo
Increase abour 30% from 55 w 85°C. Tn addition, il was sugmested that PZT film
compasitions with higher PETIOL contenty may be desirable in applications where a

relatively stable piezoelectric response with lemperalure is of paramount iimportance.

5.2 Reeommendations for Fulure Wark

2.1 Tnvestigation of the Stress Dependence of Non- 180° Domain Wall Mnlrilit'z.r
Due to the ferroelastic nalure of domains in PZT. filin stresses have a profouml
effect on non-180° domain wall contdbutions to piesoeloctricity.” The filin/substrare
thermal expansion mismatch has been identified a3 the mager contribuior o reaidual
stresaes Ihat arise in PZT films on cooling from the crystallization lcmperature into te

ferrocleetric phase.
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Mased on the findings of several suthors,” ™ the tesidnal tensile ALIess In
near-MPE composition PZT filmis deposited on silicon is assumed to be on he arder of
=100 MPFa ar room temperature, A tensile stress of this magmitude may act ta pull the
ferroelectric pelatization e the plane of the tilm, making field- or stress-induced
noen-180° domain switching more difficult.

An mteresting study would be lo determine the absolue magnitnds of tensile end
Comipresaive siresses at which extrinsic contributions to the piezaelectric effect in thick
PET Nl {ie. non-180° domain wall moetion) arc climinated and whether the drop-off is
albrupl or gradual. This could he accomplished by measuring the external stress
dependence of ez cof PZT films deposited on substrate with varions coeffivients of
Ihermal expansion. Extemal stress dependent mezoclectric measurements were made in
this investigation and the magniludz of external strains ohtainable were in the rartge of
EH0-400 pe (roughly equivalent ta =40-60 MPa), relative to the initial residual stress.
Stress dependent e;; - measurements of films depasited on subsirates with a runge of
thermal expansion cocfficients would vary this starling point and enable determinacion of
the piecoclectric response of PZT films across a4 wider ran ge of srress states {potentally
<severd] undred MPa), 1t would ba important in such i case to ensure thar 4 thi
subsitate was varied thac all ather feetors (Zrain sz, film orientalion, e} remained
copstant.

Table 5.1 gives the thermal expansion coefficients of several candidate substrate
materials™ and, using Equation 4.1, approximares the stress de velopment in & PP filn

el near-MPB compasition (1) between the crystallization lemperature and T, and (2)

helween 1 and moom temperatiere, The fodlowing parameders were assumed for che
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caleulalion; film crystallizaion temperature = T00°C, T, = 400°C, PZT Young's modulus
= 100 Gi*a, PZT Poisson’s ratio = 0.3, Grop, puelecede ey = 6.7 ppo*C 3 CICE, femaieaine P2T
= 2.0 ppmi®C. ™ Note that siress relief by ferroelastic domuain teerientation may

significantly redoce these calonlated slresses,

Table 5.1 Approcimete magnitudes of film stress developed on cooling as a resull of the
thermal mismatch belween PZT film and substrate, Caleulalions based an Fruazion 4.1
using substrate thermal expansion cocfficients (from Bover 3). Stress is given in three

colurmns: PO0PC T, is the stress developed on coulin E from the crystallization
lemperame to Ty, T-25°C is that developed on cooling from ¥, ta room lemperature,
and TOM=23°C is the wolal residual stress at roam temperature,

Stress (MPu)
Urcpassowr: | TOC-T, | T.25°C | T0025°C

Cordierite (non-vitreous) | -1.2 236 | 43 279
Yitreows eordierite L5200 2|2 |3 226
=i 2.6 176 =32 144
Mullite porcelain A3 73 -1641 -84

High Al (88.5-90.8%) a7 o =24 233
Bel) 1.3-7.8 3z -39 -324
Sapphire: 1 c-axiy 125 -43 - 308 =%
£ri)s (Fully stabilized) Bd =73 -343 416
Bgi) 11.6 210 =314 124
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3.2.2 Introduetion of Porosity in Films 35 3 Means of Enhancin & Figures of Meril
for Specific Applications

Figures of merit for meroelectriz Blms wers discussed in section 22,1, Tris
postulated that the contrelled introduction of poresity in varows connectivil v patterns™
coulld potentially be wsed 1o optimize (ilm propertics and enhance device fi pures of menf,

Ter illustrare, experimental resulis of Seifer” have indicated that plezoelectric
anisolrapy (dys'ds ) can be amplified by Incorperrating porosity in Phy gsCug 5 Ti0y (PCT)
(ilms. sz, was Tound to increase with incressing pore fraction.
with measured values of 40 and 57 pav'V lor 96% and 75% dense films, respectively,
Lhese results are in opposition with those predicted by mixing mles for 0=3 and 3-3
ceramic composites™, most likely due o effects of suhstrate clamping, A possible
explanation lor these cbservations may bo that the porous film is effectively behaving as
& 1=} composite where the film is wall -conngeted in the thickness direction but only
weaklv-connected within the plane. Reduced cernpling within the plane of the film waould
Act [ suppress e lransvarse piesoclectric response, 1 £h piezoelectric anisoltrapy such
as this Is attractive for biomedical transiducer applicaiions.

Pertuining to this investigalion, as described in section 3.3, high piczoeleciric
woupling and low permitlivity were requised of the LT $ilm for maximum charge
aensitivity in the microacceleromater, These requircments were realized by inetasing
the film thickness. An alternate approach would have heen to introduce 8 conralled

AMOUNT of purosity in the film such that increasing the pore fraclion would increase the

iezaeleciric coctficient-lo-pormictivily tatia. Yarying the heating rate during the
F P A T¥Ing 1)
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erystallization snneal’ and spio cirEling in a humid atrosphere® are tpo wavs thut have
been shown Lo introduce perosity in cherical solulion deposited PZT films.

An atrempt was mads to Impact porosity in PZT tilms by varying the temperalune
of the firsl pyrolysiz (300°C 10 473°C), The poverning assUmpLion was that at higher
Lemoeratires, solvent evaporation proceeds faster than film shrinkage and densification, &
situation that leads to pore formation. Figure 5.1 presents the results of this preliminary
study. The observed increase in final layer thickness (following pyrolvses and RTA
anneal) with pyrolysis temperare was attributed to increased puTosity, 1t appears that
ey oecreases laster than the permiliivity, which makes porous filins of this tipe

undesirable for the MEMS sccelerometer application.

5.2.3 Doping to Modily Dielectric and Piezoclectric Responses in Thick

Ferrcelectric Films

The addition of dapants to PZT ceramics is used o optimize particular ploprerlics
of interest for commersial applications. For insiance, soft doping (where donor ions such
as NB™~ or Ta™ substitute for Zr'* and Ti**, therchy crealin V" improve domain weall
mohility, which considerably enhances piezoclectric coefficients for transducer
applications.™ Unfartunately, similar results have not been obtained in soft doped PZT
thin films. Wh™ additions w -0.3 wm PZT films have produced only minimal increases
ey dhelectric and ferroelectric properties ar best. ™ Thus, it is postulated that cesidual

stresaes and clamping by the comparatively massive substrale dominated domain wall

mebilily in these filme.
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Soft doping of thicker films, or Glms deposited on & substrate thal has been
thinned o & dimension comparable 1o the film thickness, could allaw s nificant domain
r ]

wal] contributions and boost £5) ccoefficients. To date, there is no experimental work in

this ares,
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