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Abstract

The .recent advances in silicon micromachining technology have led to a
considerable interest in the design and construction of microelectromechanical systems
(MEMS). MEMS devices are most often actuated by electrostatic means, however
piezoelectric materials present an opportunity to conduct sensing and actuation functions
with the same material on a single chip. There are a number of candidate piezoelectric
films, including zinc oxide, aluminum nitride, and several ferroelectric compositions. Of
these, the large piezoelectric coefficients and high energy densities of lead zirconate
titanate (PZT) make it particularly attractive.

There are a number of outstanding issues which must be addressed for the
efficient implementation of PZT films into MEMS devices. Two of considerable
importance are the limited number of techniques by which the piezoelectric coefficients
can be measured and the lack of information regarding the factors which influence the
electromechanical characteristics. The work described herein was designed to investigate
these questions.

The effect of biaxial mechanical stress on the low and high-field electrical
characteristics of lead zirconate titanate (PZT) thin films was investigated. Films with
52/48, 48/52, 56/44, 40/60 and 60/40 zirconium to titanium ratios were prepared using a
sol-gel procedure. Controlled stress states (compressive or tensile) were then imposed
upon the films with a unifonn pressure rig designed to apply a constant gas pressure to
either the surface of a PZT coated silicon wafer or a PZT chip bonded to a predeformed

steel substrate. The remanent polarization, coercive field strength, dielectric constant, and
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tan & were measured as a function of stress for levels on the order of £100 MPa. It was
found that the dielectric constant, as well as thé saturation and remanent polarizations
decrease with applied tensile stress and increase with applied compressive stress.
Changes in the magnitude of the remanent polarization were typically between 15 to 25%
while changes in the dielectric constant were less than 5%. The dielectric loss and
coercive field strengths were also monitored and results showed that tan & increased less
than 20% regardless of the sign of the stress and the coercive field strength increased less
than 10% with applied compression. Comparison of the results with earlier studies on
bulk PZT ceramics suggests that, for applied stresses on the order of 100 MPa, non-180°
domain wall motion contributes little to the stress response of PZT thin films. This
implies that ferroelastic wall motion is strongly constrained in these films, which will in
turn limit both the dielectric and piezoelectric properties to values characteristic o.f hard
PZT ceramics.

" The wafer flexure technique was developed as a simple and inexpensive
characterization tool for the transverse piezoelectric coefficient (dsq) of piezoelectric thin
films. The technique relies upon the cyclical flexure of a coated substrate to impart an AC
two-dimensional stress to the piezoelectric film. The surface charge generated via the
mechanical loading is converted to a voltage by an active integrator. Plate theory and
elastic stress analyses are used to calculate the principal stresses applied to the film. The
d3; coefficient can then be determined from knowledge of the electric charge produced
and the calculated mechanical stress.

The wafer flexure method is capable of characterizing 3”7 or 4”7 wafers or

millimeter sized test chips. Results collected from a number of different sol-gel and RF-




-sputtered PZT films show the values of the transverse coefficients to depend upon film
thickness and poling conditions. Typical dj; values for well poled 52/48 sol-gel films
were found to be between —50 and —60 pC/N. The RF sputtered films possessed large as-
déposited polarizations which produced ds; coefficients on the order of —70 pC/N in some
unpoled films. The subsequent poling of the material, in a direction parallel to the
preferred direction increased the ds; coefficient to values of about —85 pC/N.

The wafer flexure rig was used to investigate the aging of the ds; coefficient of
PZT thin films. Experiments were conducted on 52/48 sol-gel films as a function of
thickness with poling times of either 1 or 2 minutes (room temperature). The aging rate
was found to be independent of poling direction and range from 4% per decade for the
thickest 2.5 pm film to 8% per decade for a 0.6 pm film. In contrast, the aging rate of
sputtered films was strongly dependent on poling direction. When the sputtered films
were poled parallel to the preferred polarization direction, small gains of the ds;
coefficient were produced and modest aging rates of 2 to 4% per decade were observed,
However, when they were poled anti-parallel to the preferred direction, large changes of
the ds; coefficient were produced and the aging rates accelerated to values between 20
and 26% per decade. These aging rates are very high in light of the limited twin wall
motion in PZT films. The reasons for the accelerated aging rates in PZT films are
believed to result from the depolarizing effects of intemal electric fields in the RF

sputtered films and interfacial defects in the sol-gel films.
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1. Introduction

The continued development of silicon micromachining technology has led to
rapid advances in the design and construction of novel microelectromechanical systems
(MEMS). Strongly piezoelectric materials such as lead zirconate titanate (PZT) are
attractive for thin film sensors and actuators in numerous MEMS designs as a result of
their large piezoelectric coefficients and high energy densities [1, 2]. Electromechanical
characterization of PZT films has indicated however, that the piezoelectric response, both
longitudinal [3] and transverse [4], is often smaller than that of bulk ceramics of the same
composition. The feason for that reduction is often attributed to the residual stress on the
film, but experimental confirmation of this hypothesis is lacking.

In addition to the limited understanding of the effects of film stress, there is
relatively little data on the piezoelectric coefficients of thin films. As a result, many
device designers are using bulk values for the piezoelectric coefficients in their
calculations. Due to the tremendous differences in the grain size, the defect chemistry,
and the mechanical boundary conditions between bulk ceramics and thin films however,
it is not clear that this is appropriate. What is needed is a rapid, accurate tool for the
measurement of the piezoelectric constants. Given these observations, the objectives of
this thesis are to evaluate the role of biaxial stress on the properties of PZT thin films and
to develop a measurement technique for the characterization of thin film piezoelectric

coefficients.



The residual stresses on PZT thin films are considerable (magnitudes of +100
MPa for sol-gel films deposited on silicon) and have been identified as a potential cause
of their reduced electromechanical coefficients [3]. Experiments were designed therefore,
in which PZT films were subjected to a controlled biaxial stress and their ferroelectric
characteristics measured in sifu. The changes produced in the film’s high and low-field
properties could then be correlated to the applied load and used to evaluate the effects of
mechanical stress on the film’s characteristics.

The design and development of novel microelectromechanical systems (MEMS)
which utilize piezoelectric thin films requires explicit knowledge of the material’s
longitudjnél (dz3) and transverse (ds; or dsp) piezoelectric coefficients. When prepared in
bulk ceramic form, piezoelectric coefficients are characterized by numerous methods, the
most common of which are the resonance and dynamic load techniques (e.g. the
Berlincourt meter). Those techniques however, are inadequate for the piezoelectric
characterization of thin film materials and for that reason a number of alternative
techniques have been proposed [5, 6].

Laser interferometers are the most well established method for the
characterization of both the longitudinal and transverse piezoelectric coefficients of thin
films. Interferometric methods howévcr, require careful optical alignment, meticulous
operation, and in the case of a dj measurement,- appropriate sample preparation
(cantilever beam construction). In contrast, the wafer flexure technique was conceived as
an alternative method for the characterization of the transverse piezoelectric coefficient
(da1) of thin films [7]. The measurement is a direct technique (i.e. it utilizes the direct

effect) and as such it eliminates a number of the complexities associated with other



designs. Experiments conducted have produced ds; values comparable to those measured
with more established methods (e.g. interferometric) and it was the intention of the
second portion of the investigation to validate the technique, expand its capabilities, and

characterize its limitations.



2. Literature Review

2.1. Introduction

The investigations conducted here have been directed at the development of lead
zirconate titanate (PZT) thin films for microelectromechanical applications. Interpretation
of the empirical data required knowledge of the previous work conducted and a
familiarity with both ferroelectric and piezoelectric phenomena. Therefore, this review
will treat the general subjects of both ferroelectricity and piezoelectricity (sec. 2.3 and
2.4) and will define a number of the terms which recur throughout chapters 4 and 5. The
effects of mechanical stress on the ferroelectric characteristics of PZT ceramics will then
be presented (sec. 2.8) with techniques for the piezoelectric characterization of thin films

reviewed last (sec. 2.9).

2.2, Microelectromechanical Systems (MEMS)

In recent years the field of microelectromechanical systems, or MEMS, has
experienced rapid development. MEMS can generally be described as miniature
mechanical devices (often micro-sensors or micro-actuators) which are typically
fabricated on silicon substrates using technologies based on the VLSI processes of the

semiconductor industry. MEMS devices have taken a number of forms to date, with

considerable success achieved for the fabrication of pressure transducers [8, 9],




condenser microphones [10, 11], and accelerometers [12]. In addition, aggressive
programs have been initiated in which micromotors {13], steam engines (see Figure 2.1),
and fuel atomizers have been constructed [14]. Market forecasts for the MEMS industry
are impressive, with a number of publications listing the value of the industry in multi-

billion dollar quantities by the turn of the century [15, 16].

Figure 2.1. A micro-steam engine constructed on a silicon wafer by researchers at Sandia
National Laboratory. The three pistons contain water that is heated electrically. Steam then

pushes the pistons forward and capillary forces draw the pistons back [17].

2.2.1. Piezoelectric Thin Films in MEMS Devices

The overwhelming majority of the sensing or actuating functions in MEMS
designs are based on either electrostatic or piezoresistive effects. Examples are the

polysilicon comb drives in the micromirror scanners reported by Kiang ct al. [18] and the




piezoresistive air bag accelerometer marketed by Analog Devices [14]. In contrast, the
piezoelectric effect offers the potential for the sensing and actuation functions to be
performed by the same material and housed in a single device.

The review of Foster [19] dates the first reports of thin piezoelectric films at 1964
by researchers at both Bell Laboratories and Westinghouse. The applications which drove
these efforts were related to high frequency (> 100 MHz) ultrasonic transducers and in
both cases the material used was c-axis oriented cadmium sulphide (CdS). Later efforts
developed the techniques used to deposit other materials and at present, most of the
piczoelectric films in MEMS devices are c-axis oriented zinc oxide [11, 20]. In contrast,
the larger piezoelectric constants and electromechanical coupling coefficients of lead
zirconate titanate (see Table 2.1) makes it an attractive alternative and work is underway

in a number of laboratories to exploit its potential.

TABLE 2.1. The Electromechanical Characteristics of Bulk ¢-Axis Oriented Zinc Oxide and Lead
Zirconate Titanate [21]

Material Longitudinal Transverse Electromechanical Electromechanical
Piezoelectric Piezoelectric Coupling Factor, Coupling Factor,
Coefficient, Coefficient, Ky, K.,
d,,(PC/N) d,(pC/N)
c-axis Oriented 12.3 -5.12 0.46 0.18
Zinc Oxide
52/48 PZT 223 -93.5 0.670 0.313

There have been a number of successful attempts at the utilization of PZT thin
films in MEMS devices. Prototypes of acoustic and thermal sensors have been

demonstrated at the University of Minnesota, with more recent work devoted to

biomedical devices and surgical tools [1, 22]. Efforts at other laboratories have focused




on the development and construction of micromotors [23, 24], novel accelerometers [25],

scanning force microscopy tips [26], and micro-sonar arrays [27].

2.3. Ferroelectric Materials

Following the identificatiqn of ferroelectricity in Rochelle salt by Valasek in
1921, a number of review articles and text books have been devoted to the topic [28].
Subjects covered have ranged from the physics of ferroelectrics [29] to their engineering
applications [30]. The review here is not intended to examine the mechanisms that govern
ferroelectricity, however the general characteristics of ferroelectric materials will be
treated.

Ferroelectric behavior is limited to temperature ranges within which the materials
display a spontaneous polarization. For temperatures below the paraelectric to
ferroelectric phase transition, T, (designated the Curie point), ferroelectric materials
develop a dipole moment which results in the creation of a spontaneous polarization. In
perovskite ferroelectrics such as barium titanate and lead zirconate titanate (the
perovskite structure is illustrated in Figure 2.2) the spontaneous polarization results from
a shift of the relative positions of the oxygen octahedra and the central atom as the

material 1s cooled through T..




Figure 2.2. The perovskite unit cell [31]. In PZT ceramics the central atom can be either Zr* or
Ti*. The comer atoms are Pb™ and the face centered atoms are Q. The dipole moment in the
crystal is often described as a consequence of a shift of the zirconium or titanium atoms relative

to the oxygen atoms.

For temperatures above the Curie point, the reversible spontaneous polarization of
the material goes to zero and a normal ferroelectric’s dielectric behavior can be described

according to the Curie-Weiss law i.e.

C 2.1)

where &, is the relative dielectric constant, C is a constant for a given material (typically
on the order of 10° to 10° degrees), T is temperature, and T, is the Curie-Weiss
ternperature. Ferroelectric materials display a maximum of their dielectric constant at T,
and the value decreases on either side of that temperature.

The most recognizable feature of a ferroelectric is the polarization-electric field

hysteresis loop (i.e. the P-E loop), an example of which is shown in Figure 2.3 [31]. The

P-E loop describes the change in the net polarization of the material as a strong AC




electric field is applied across the ferroelectric test capacitor. The dielectric displacement
(charge per unit area), when plotted as a function of the electric field, displays the
characteristic hysteresis and illustrates a number of the distinctive features of ferroelectric

materials.

e

Figure 2.3. An iilustration of the polarization hysteresis (P-E) ioop of a ferroelectric material [31].
The loop defines the saturation polarization P,, the remanent polarization P, and the coercive
field E..

The saturation polarization, Py, is defined as the linear extrapolation of the high
field polarization back to the zero field point. This is a measure of the maximum degree
of alignment of the spontaneous dipoles which is possible for a given material. The
remanent polarization, Py, is the polarization that remains in the material after the electric
field is reduced to zero. The coercive field, E; is the electric field required to eliminate

(i.e. reduce to zero) the net polarization of the material via the reorientation of

ferroelectric domains. The P-E loop is an important illustration of ferroelectric behavior
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with the recrientable nature of the material’s polarization taken as a fundamental criterion
for the identification of ferroelectricity.

Ferroelectric materials develop a reorientable spontaneous polarization in each
unit cell when cooled through the Curie point, T.. The polarization vectors of the material
are arranged in random directions throughout the ceramic, though within each crystallite
only certain polarization directions are allowed. Regions with the same polarization
direction are referred to as domains and the relative orientation of the domains is dictated
by the prototype symmetry of the unit cell. The ferroelectric distortions of tetragonal and
rhombohedral crystals are illustrated in Figures 2.4 and 2.5. Tetragonally distorted

perovskites may have 30° and 180° domain walls while thombohedral perovskites can

have 71°, 109°, and 180° domain walls [32].

e e e e =
ST

Figure 2.4. The ferroelectric distortion of a Figure 2.5. The ferroelectric distortion of a
tetragonal perovskite. The polarization direction rhombohedral perovskite. The polarization
is along the (100) direction of the prototype unit direction is along the (111) direction of the
cell, prototype unit cell.

2.4. Piezoelectric Materials

Piezoelectric materials are materials which, when exposed to an applied stress,

develop an electric polarization. Piezoelectric phenomena have been treated extensively
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in the literature [33, 34] with work on piezoelectric ceramics covered most thoroughly by
Jaffe, Cook and Jaffe [35]. From a fundamental viewpoint, piezoelectricity can be
discussed in terms of its crystallographic origins [32]. The piezoelectric effect is based
upon the creation or alteration of an electric dipole in the material due to an applied
stress. Such a dipole can only be produced in crystals that lack a center of symmetry. A
consideration of the 32 classes (i.e. point groups) of single crystal materials shows that 11
are centrosymmetric and thus non-polar. The remaining 21 crystal classes are non-
centrosymmetric and of those, 20 exhibit the piezoelectric effect. The remaining
exception is in the cubic system (point group 432), which possesses symmetry elements
that combine to eliminate the piezoelecfric effect,

Ferroelectric ceramics consist of a random array of polarization vectors after
cooling through T.. The net polarization of the material is therefore zero and it is not
piezoelectric. The material may be made piezoelectric however, by “poling” it with a
large DC electric field (typically at an elevated temperature). The application of the
electric bias reorients the polarization vectors of the individual crystal grains to directions
parallel (or close to parallel) with the applied electric field. The subsequent removal of
the bias field leaves the material with a net polarization. Thus, when strained, the poled

ceramic generates a piezoelectric charge.

2.4.1. The Direct and Converse Piezoelectric Effects

The direct piezoelectric effect is defined as the generation of an electric charge in

response to an applied mechanical stress. The equation that describes the direct effect is

written as:
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D, =d, o, (2.2)

where ©; is the applied stress (N/m?), D is the dielectric displacement (C/m?) , and dj 1s
the piezoelectric coefficient (C/N). The convention used for assignment of the subscripts
in a ceramic is to define the poling direction as the 3-axis with the two orthogonal
directions denoted as the 1 and 2-axes. The shear terms are denoted by the subscripts 4, 5
and 6. For example, the longitudinal piezoelectric coefficient dy; is the proportionality
constant which describes the change of the dielectric displacement in the poling direction
(i.e. D4) in response to a stress applied parallel to that direction (i.e. G3).

There is also a converse piezoelectric effect that is defined as the strain produced

in response to an applied electric field:

x. =d.E. , (2.3)

where x; is the strain produced, E; is the applied field (V/m), and dj; is the piezoelectric
coefficient (m/V). It should be noted that the coefficients derived from either the direct or

converse relations (eqs. 2.2 or 2.3) are identical.

2.4.2. Intrinsic and Extrinsic Contributions to the Piezoelectric Response

The dielectric and piezoelectric properties of ferroelectric ceramics, when
measured at room temperature, have been found to originate from both intrinsic and

extrinsic sources. Intrinsic contributions are those characteristics that would arise from

the properties of a single domain material. In contrast, exitrinsic contributions result from
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the motion of domain walls as well as from defects in the material. The relative
contribution of each component to the characteristics of ferroelectric materials has been
the subject of considerable research [36-38].

Zhang et al. [36] measured the dielectric and piezoelectric properties of four kinds
of doped lead zirconate titanate ceramics as a function of temperature from 4.2 to 300 K.
They showed that although the dielectric constants and tan § of acceptor-doped (hard) and
donor-doped (soft) PZT ceramics were different at room temperature, they converged to
comparable values at 4.2 K. The differences at higher temperatures were the result of the
extrinsic contributions, since domain wall and defect motion are thermally activated. The
data indicated that at room temperature, about 60% of the piezoelectric response in hard
PZT’s is from thermally activated extrinsic effects while in soft PZT’s the number is
close to 80%.

The investigation by Zhang et al. [37] atfempted to quantify the relative
contributions of the intrinsic and extrinsic effects in PZT ceramics with compositions
near the morphotropic phase boundary. They reasoned that for an intrinsic response, any
polarization change must be accompanied by a change in the unit cell volume while the
polarization change brought about from domain wall motion results in no volume
changes. The result of that difference is that the hydrostatic piezoelectric coefficient dy,
(1e. the charge produced in response to the application of a hydrostatic stress) will be
comprised solely of intrinsic effects with no domain wall contributions.

Experiments were conducted in which the di3 and d3; coefficients of an undoped

and a soft PZT ceramic were measured via resonance techniques at temperatures from 10

to 300 K. It was found that d, was almost constant over the temperature range
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investigated even though the longitudinal and transverse coefficients increased
substantially with temnperature. That result indicated that in the PZT ceramics tested the
large change in the piezoelectric activity with temperature was caused by the reduction of
extrinsic contributions. Zhang et al. assumed the extrinsic contributions to be the result of
non-180° domain wall motion and quantified their effect at more than 50% of the room
temperature response.

The recent investigations of Damjanovic et al. have also addressed the problem of
extrinsic contributions to the piezoelectric response of PZT ceramics [38-40].
Experiments were constructed in which samples were driven with AC stresses of
differentl amplitudes under different bias loads. The piezoelectric charge produced was
then measured and plotted as a function of the amplitude of the applied stress. The
contributions from the irreversible displacement of non-180° domain walls (to the direct
longitudinal coefficient) was then measured quantitatively using the Rayleigh law. It was
found that irreversible domain wall contributions could comprise between 20 and 40% of

the piezoelectric response under the experimental conditions used.

2.5. Lead Zirconate Titanate (PZT)

PZT materials were developed in the 1950’s and are the most widely used of the
piezoelectric ceramics .[35]. Lead zirconate titanate, Pb(Zr];x,Tix)Og,, 1s a perovskite type
solid solution between PbTi05 and PbZr(Qs. Variations in the zirconium to titanium ratio
in the ceramic change both the ferroelectric and piezoelectric characteristics. The phase

diagram is shown in Figure 2.6 and illustrates the existence of a morphotropic phase

boundary (MPB). Moulson and Herbert [32] have described the MPB as an abrupt
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compositions to be effectively poled. Tetragonal perovskites have six allowed
polarization directions (along the <100> directions of the cubic prototype cell, see Figure
2.4, sec. 2.3) while the rhombohedral phase has eight (along the <111> directions of the
cubic prototype cell, see Figure 2.5, sec. 2.3). When present in a polycrystalline ceramic
the number of directions available is the sum of those present in the discrete phases

which increases the number in a MPB composition to fourteen.

2.5.1. Hard and Soft PZT Ceramics

The dielectric and piezoelectric properties of PZT ceramics can be significantly
changed via the introduction of different ionic species into the perovskite lattice [35].
There are a large range of properties which can be achieved, with the characteristics of
the materials produced classified as either hard or soft. PZT ceramics which are donor
doped, that is, doped with an atom of higher valence than the one it is replacing, are said
to be soft. Typical dopants used are Nb™* on the octahedral site and La>* on the Pb site.
The general characteristics of soft materials include low coercive fields, large remanent
polarizations, large dielectric constants, high tan 8, and low aging rates. In contrast, hard
materials are acceptor doped, i.e. doped with elements of lower valence than the one they
are replacing. Common dopants used in PZT are Sc3+, Fe®, and Cr*" which substitute for
Zr* or Ti**. Hard materials have larger coercive ficlds, relatively small dielectric and
piezoelectric constants, low dielectric losses, and large aging rates. The difference
between the two types of materials is largely attributed to the ease of domain wall

motion, with the soft material having more mobile domain walls, and thus larger extrinsic

contributions to the properties.
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2.6. Mechanical Plate Theory

The determination of the transverse piezoelectric coefficient (ds;) of PZT thin
films is the subject of chapter 5. The wafer flexure technique, which was developed to
characterize the ds; coefficient, relies upon mechanical plate theory to calculate the
magnitude of the biaxial stresses applied to the films. There has been extensive work
devoted to plate mechanics, with perhaps the most well-known summary provided by
Timoshenko and Woinowsky-Krieger [41]. Plate problems are defined by a number of
criteria such as the loading condiﬁons, the geometry of the plate, the boundary
conditions, and the amount of deflection the plate experiences.

For a siniply supported plate the boundary conditions for the position r = a (where
r is distance from the center of the plate and a is the support radius) are the deflection (w)

and the radial bending moment (M) are zero, i.e.
atr=a:w,M; =0 (2.4)

while for a clamped condition at r = a the deflection is zero and the slope of the deflection

with radius is zero, 1.e.

atr:a:w,iiﬁzo. 2.3)
dr

The wafer flexure technique utilizes uniformly loaded, clamped circular wafers

for which the deflection at the center of the substrate is described as:

pa* (2.6)

64D
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where w is deflection at the center of the plate (m), p is the applied pressure (N/m?), a is
the support radius (m), and D is the flexural rigidity of the plate (N-m). The flexural

rigidity is expressed as:

. Et® 2.7
12(1-v?)

where E is the Young’s modulus of the plate (N/m?), t is the thickness of the plate (m),

and v is Poisson’s ratio.
If the deflection predicted by eq. (2.6) is less than 20% of the plate’s thickness,
the radial (o,) and tangential stresses (o) on the plate are described with small deflection

plate theory and are written as

_ 3pz (2.8)

. Z—{;[(Hv)al —(3+v)r?]

o, 2%[(1+v)a2 — (14 3v)1°] 2.9)
where o, and o, are the radial and tangential stresses on the plate (N/m?), p is the pressure
applied to the plate (N/m?), z is the distance from the neutral axis (m), and r is the
distance from the center of the plate (m).

The derivation of egs. 2.8 and 2.9 is well reported elsewhere (see e.g. ref. [41,

42]). However, the major assumptions inherent in the development are not immediately

apparent and for that reason they are listed in Table 2.2.
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TABLE 2.2. Assumptions Made for the Small Deflection Analysis of a Thin Clamped Plate [41]

(1) There is no defermation in the middle plane of the plate. The plane remains neutral
during bending.

(2) Points of the piate lying initially on a normal-to-the-middle piane of the plate remain on
the normai-to-the-middie surface of the plate after bending (i.e. no shear).

(38) __ The normal stresses in the direction transverse to the plate can be disregarded.

2.7. Stresses in Thin Films

The observation has been made by a number of researchers that the limited
electromechanical behavior of PZT thin films could be related to the mechanical
clamping of ferroelectric domains (i.e. a reduction of the extrinsic contribution) brought
about by the residual stress on the film [3]. The investigation described in chapter 4 was
designed therefore to alter the state of residual stress and measure the changes brought

about in the film’s piezoelectric and ferroelectric characteristics.

2.7.1. Sources of Film Stress

The deposition of thin film materials onto thick substrates usually results in a state
of biaxial stress being imposed on the film. The total stress (Gioc) produced is comprised

of both thermal (0g,) and intrinsic components (o;) and can be expressed as [43]:

O, =0, +0, (2.10)

where the thermal stress can be quantified as [44]:

L (2.11)
{(I-v)

(a’f = O )(Tl _Tz)

Gy,
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where Er and v are the Young’s modulus and Poisson’s ratio of the film, T; and T, are
the annealing and ambient temperatures, and of and o4 arc the thermal expansion
coefficients of the film and substrate.

The intrinsic stress is that component of the measured in-plane stress that cannot
be attributed to thermal expansion mismatch. The source of the intrinsic stress is
commonly attributed to the effect of microstructural and/or crystallographic flaws that are
built into the film during deposition when deposition temperatures are less than 1/3™ the
melting point. Muraka [43] has reviewed a nulhber of sources for intrinsic stress
components and among them are lattice mismatch between the film and substrate
(epitaxial films), film microstructure and purity, defects in the film, and volume changes
associated with chemical or metallurgical interactions. Intrinsic stresses primarily result
from high temperature physical vapor deposition processes (e.g. sputtering) and
mnvestigations with sol-gel PZT films have indicated that the residual stresses in that

system are primarily thermal in nature (see sec. 2.7.3).

2.7.2. The Measurement of Residual Film Stress

The experimental techniques used for measuring residual film stress consist of
either direct X-ray methods for the measurement of elastic strains in the films, or wafer
curvature measurements for ther calculation of residual stress [43]. X-ray technigues
permit the measurement of all components of stress in the film, i.e. in and out of plane

components. The films however, must be crystalline, which precludes the

characterization of amorphous films. Even for crystalline films, the characterization of
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residual film stress is most often carried out via the measurement of either substrate
curvature or deflection, which is often preferred as a result of its relative convenience and
applicability to special conditions (e.g. high temperature measurements).

The characterization of residual film stress is made with wafer curvature
measurements by determining the change in the radius of curvature of the substrate, R,
before and after deposition {or conversely before and after removal) of a film. The radijus
of curvature is then input to the Stoney formula (derived by Stoney in 1909, modified for
the biaxial condition of a plate by Hoffman in 1966) to determine the residual in-plane

stress on the film. The expression for residual film stress is [45]:

1 Etl (2.12)

58

G, =—-
f6R (1-v)t,

where o; is the film stress, E is the Young’s modulus of the substrate, v, is the Poisson’s
ratio of the substrate, t; is the substrate thickness, and t; is the film thickness. It is
important to note the elastic properties of the film need not be known in order to calculate

the residual stress in the film.

2.7.3. Residual Film Stress in Lead Zirconate Titanate Thin Films

There have been relatively few experimental investigations of the magnitude of
the residual film stress in PZT films. Investigations have been conducted by Tuttle et al.
[46] and Spierings et al. [47] on submicron sol-gel films with compositions near the

morphotropic phase boundary. Results from those studies showed that when deposited on

platinized silicon substrates the residual stress is tensile with a magnitude of about 100
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MPa.

Spierings et al. [47] investigated the origins of the residual film stress, i.e.
whether the stress was thermal or intrinsic in nature. Empirical data were collected as a
function of temperature and compared to predictions made with eq. 2.12. Calculations
were made to account for the anisotropy of the thermal expansion coefficient of the PZT
and the different crystallographic orientations of material in the film (i.e. random, (100)
oriented, and (001) oriented). Reasonable agreement was obtained when the polarization
vector was assumed to lie parallel to the plane of the substrate. The thermal stresses were
calculated with the elastic properties of a bulk, unpoled PZT ceramic and although the
authors accounted for the anisotropy of the thermal expansion coefficients, they did not
account for the anisotropy of the mechanical constants. If it is assumed, based on the
empirical results of Tuchiya et al. [48] and Kanno et al. [49], that the Young’s modulus
of the film is larger than that of a PZT ceramic, then the relative agreement between the
calculated thermal stresses and the empirical data is improved, which yields even

stronger evidence for the thermal nature of the film stress.

2.7.4. The Transformation Stress Model

The role of film stress has been proposed to play an important role in the domain
structure of PZT thin films. Tuttle et al. [46, 50] proposed that the observed electrical
properties of PZT films are directly related to the sign of the film stress at the transition
temperature. Experiments were conducted with 0.3 pum thick 40/60 sol-gel films in which

the films were deposited on magnesium oxide or silicon substrates. The differences in the

thermal expansion coefficients of the two materials relative to the PZT film resulted in a
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different sign of stress at the paraelectric to ferroelectric transition. The films which were
in a state of compression (i.e. those on magnesium oxide substrates) transformed with the
c-axes of their crystallites configured normal to the substrate surface and displayed large
values of remanent polarization (from 50 to 60 uC/cmz). In contrast, films subjected to a
tensile stress (i.e. those on silicon substrates) at T, transformed with their c-axes more
parallel to the substrate surface and yielded smaller values of remanent polarization (less
than 40 pC/cm®). The film’s textures were confirmed with X-ray diffraction and the
differences in their electrical properties were reasoned to result from the relative

orientation of their domains.

2.8. The Effects of Applied Mechanical Stress on PZT Ceramics

Because PZT ceramics are improper ferroelastics (and so are ferroelastic as well
as ferroelectric) it is necessary to consider the effects of mechanical stress of their
properties. Early investigations into the effects of mechanical stress on PZT were brought
about in response to the aggressive design criteria outlined for deep-sea underwater
transducers. As the depths at which the transducers were to operate increased, the
hydrostatic pressures of the surrounding ocean rose commensurately. Depending upon
the design of the transducer employed, the working material, typically PZT-4 (doped with
Sr*" or Cr'") or PZT-5A (donor doped with Nb*™), can be subjected to either uniaxial or.
biaxial loads applied perpendicular or parallel to the poling direction of the material. To
investigate the effects of such extreme working environments, a great deal of work was

conducted throughout the 1960°s on the effects of mechanical stress on the dielectric and

piezoelectric characteristics of a number of ferroelectric ceramics [51, 52].
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2.8.1. The Effects of Uniaxial Stress on the Dielectric and Piezoelectric Characteristics of

PZT Ceramics

The seminal work on uniaxial stress effects was conducted by Krueger in a three
part series published in 1967 [52-54]. The author conducted extensive studies on the
stress dependence of the dielectric and piezoelectric properties of a number of hard and
soft PZT ceramics. Loads were applied both parallel [52] and perpendicular [54] to the
poling direction of ¥2” ceramic cubes while clamped in a uniaxial testing machine. The
dielectric constant and tan 6, together with the di3 coefficient were then measured as a
function of the magnitude of the applied stress and the number of stress cycles.

Figure 2.7 shows the stress response for PZT-4 and PZT-5A specimens loaded
parallel to the poling direction over the first four stress cycles. Note that the scale on the
PZT-5A data is changed from 20 kpsi (138 MPa) on the top graph to 10 kpsi (69 MPa) on

the bottom three. The change was made because of the drastic degradation of polarization

observed in the ds3 coefficient beyond the 10 kpsi peak.
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Figure 2.7. The effects of applied uniaxial compressive stress on the dielectric constant of PZT-4
(left side) and PZT 5A (right side). Stress was applied parallel to the polar axis. Data taken from
Krueger [52].

The data from the 1 compressive load cycle shows that the dielectric constant
increased by almost 80% for the PZT-4 and 15% for the PZT-5A with peaks of &, located
at about 16.5 kpsi (114 MPa) and 8 kpsi (55 MPa), respectively. The later loading cycles
showed a decrease in the magnitudes of the changes produced for both materials

(maximum increase of 45% for PZT-4 and a 6% decrease for PZT-5A) with a superior

stability and less hysteresis displayed by the PZT-5A. The flatter response for the PZT-
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5A was a result of the permanent reorientation of dipoles under the first application of
stress (so there was little driving force for domain reorientation on subsequent cycles).

The uniaxial stress response of the PZT-5A is composed of both intrinsic and
extrinsic contributions to the dielectric characteristics. With the initial application of
compressive stress, ferroelectric domain walls are depinned from their well-aged, low
energy configurations, which increases both the domain wall mobility and the dielectric
constant. Concurrent with the depinning effect is the depoling and reorientation of the
ferroelectric domains, as was indicated by the rapid decrease of the diy coefficient (not
shdwn). With an additional increase of applied stress the ceramic is completely depoled,
the extrinsic and intrinsic contributions become mechanically clamped, and as a result
both the ¢, and tan & are reduced.

The effects of uniaxial stress on the ferroelectric characteristics of hard PZT’s
differs from that of soft PZT’s due to the modulating influence of defect dipoles in the
material. Recall from Figure 2.7 that the dielectric constant of PZT-4 increased by almost
80% as compared to the 15% increase for PZT-5A for a compressive stress of 17 kpsi
(120 MPa). Nishi [55] showed a similar effect in hard PZT ceramics, with g, increasing
by about 50% for 10 kpsi (69 MPa) of compression while Zhang et al. [56] reported a
60% increase for a stress range of 150 MPa.

The stability of the domain structure brought about by the presence of reorientable
defect dipoles in PZT-4 is the fundamental source of the large increase of the dielectric
constant. Zhang et al. [56] reasoned that when a stress is applied parallel to the
polarization vector, the ferroelectric domains attempt to reorient to positions more

perpendicular to the load. The defect dipoles however, oppose the reorientation, which
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results in a metastable domain configuration. The domain structure has thus been
destabilized and reset to a condition analogous to an early stage of the aging cycle, i.e.
the material has been “de-aged”. As such, the dielectric constant and tan & increase as
additional stresses shift the polarization vectors to less energetically favorable
configurations. Hard PZT ceramics can be depoled if the applied stress is high enough
however, on unloading the defect dipoles tend to restore the original domain

configuration.

2.8.2. The Effects of Biaxial (Two-Dimensional) Stress on the Dielectric and

Piezoelectric Characteristics of PZT Ceramics

Investigations into the effects of planar (i.e. two-dimensional) stress on the
characteristics of PZT ceramics were made in the 1960°s [51, 57] with even earlier work
conducted on barium titanate in the late 50’s [58]. The data are cfitical to an
understanding of ferroelectric films since virtually all films are under appreciable in-
plane stress.

The most comprehensive treatments on the effects of biaxial stress have been
presented in a series of papers by Brown [51] and Brown and McMahon [57]. The
authors studied the effects of two-dimensional stress on the dielectric characteﬂstics of a
number of poled barium titanate and lead zirconate titanate ceramics. To investigate the
effects, two different experimental configurations were used: either a ceramic cylinder
(see Figure 2.8) or a ceramic sphere submerged in an hydrostatic water bath. Stresses
applied to the material were calculated from the dimensions of the ceramic sample

(sphere or cylinder) and the applied hydrostatic pressure.
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Figure 2.8. The experimental biaxial stress configuration of Brown [51]. The ceramic cylinder was
poled radially and the setup placed in a hydrostatic water tank. An increase of the pressure in the

tank increased the biaxial stress in the walls of the ceramic.

The results of the biaxial compression experiments showed that with an increase
of stress, the dielectric constant decreased and tan § increased. Figure 2.9 shows the
results for PZT-4 and PZT-5 ceramics. The data in the plots are normalized and presented
as the sum of the principal stresses on the material. The data show that on the 1% stress
cycle the dielectric constant decreased by about 50% for the PZT-4 and about 70% for

the PZT-5 for an applied stress of 4000 kg/cm® (400 MPa). The changes produced in the

PZT-4 were largely reversible while the PZT-5 experienced a permanent 40% reduction.
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Figure 2.9. The effects of biaxial compressive stress on the low-field characteristics of PZT
ceramics. Data on the left are for PZT-4 while data on the right were taken from PZT-5 (note that
1 kg/em’ ~ 0.1 MPa).

The changes of the dielectric constant shown in Figure 2.9 are attributed by
Brown to be the result of domain reorientation in the ceramics. Upon application of the
compressive stress, the domains reorient into configurations normal to the applied load
(the compressive suéss is in the plane of the ceramic). The reorientation of the domains
results in the decrease of rthe dielectric constant, which was assumed to result from the
anisotropy of the dielectric constant (g3 < g;). Closer inspection of the data collected on
the 1% pressure cycle showed that the dielectric constant of the PZT-4 underwent an

initial increase with compressive stress. That increase was caused by the depinning of
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domains, which increased the domain wall mobility and raised the dielectric constant. For
stresses beyond the initial peak (PZT-4 only) the change of the dielectric constant was
dominated by domain reorientation and ¢, decreased as is shown in Figure 2.9.

Piezoelectric measurements were also made as a function of applied planar
compression [57]. The measurements were made on thin walled spheres fabricated from
PZTW4 and PZT-5 ceramics. The samples were poled in the radial direction and
measurements made of the transverse piezoelectric coefficients. Results were collected to
maximum stresses of 240 MPa and indicated that the ds; coefficients decreased in a
fashion similar to that of the dielectric constant.

This decrease in the piezoelectric coefficients was again attributed to reorientation
of ferroelastic domains. As described by Rotenberg [59], when subjected lto planar loads
the domains which lie normal to the direction of polarization would be reoriented to a
direction normal to the load (as is expected). The polarization vector of the reoriented
domain would however, be configured antiparallel (and not ijarallel to) the poling
direction. The antiparallel reorientation is more energet.ically favorable and would reduce

both the net polarization of the material and its piezoelectric coefficients.

2.9. Characterization of the Piezoelectric Coefficients of Thin Films

The research in this dissertation was conducted with two separate objectives as
was described in chapter 1. The first was concerned with the investigation of biaxial
stress effects, while the second was devoted to the design and development of the wafer

flexure technique for the characterization of the transverse piezoelectric coefficient (ds;)

of thin films. The review given here is intended to provide a historical record of earlier
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efforts at the piezoelectric characterization of films.

In many of the early reports on piezoelectric films, the films were integrated with
prototype transducer designs (as illustrated in Figure 2.10) which did not require
knowledge of the film’s piezoelectric coefficients. Rather, the performance of the films
was measured in terms of the relative coupling factor (compared to the single crystal
material) and their insertion loss at operating frequencies. As a result, the database on

thin piezoelectric films is limited, with few piezoelectric constants reported.
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Figure 2.10. An example of a configuration used for the identification of piezoelectricity in
piezoelectric thin films {19].

2.9.1. Converse Techniques for the Piezoelectric Characterization of Thin Films

There have been a number of converse techniques (i.e. those which are based on
the converse piezoelectric effect) developed from which the piezoelectric coefficients of .

thin films have been determined [60, 61]. Perhaps the most well developed method for

the piezoelectric characterization of thin films is laser beam interferometry. Early work
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on interferometric characterization of ferroelectric materials was described by
Allensworth [62], who utilized a variation of the Michelson interferometer to measure the
mechanical strains i)roduced by ferroelectric domain switching in a 65/35 PZT ceramic.
Later interferometers were constructed to investigate the piezoelectric (or electrostrictive)
response of both ceramics and thin films with the designs described in the papers from
Zhang et al. [63], Pan and Cross [64], Li et al. [65], and Kholkin et al. [3].
Interferometers can be set up in either single beam (Michelson-Morley) or double
beam (Mach-Zehnder) configurations depending upon the intended application. The
schematic in Figure 2.11 is an illustration of a double beam setup [64]. The resolutions
for interferometric techniques have been reported at between 10" to 10°A (3]. For the
investigation of bulk ceramic specimens a single beamn configuration is sufficient
provided the sample has been fabricated with a cubic geometry [65]. For thin films
however, single beam setups are only applicable to transverse piezoelectric
characterization (i.e. ds3;). The reason for that restriction is related to production of
additional displacements associated with substrate flexure due to the composite motions
of the film-substrate systemn when a small area of the film is excited. With measurements
made from only one face of the sample, the flexural motions cannot be distinguished
from the piezoelectric dilation of the film. The result is anomolously large apparent
strains and inflated di3 coefficients. The same error source can be important in any
converse measurement conducted using a single surface measurement. As a result, the
characterization of the di; coefficients in thin films must be conducted with a double

beam setup which is designed to account for the displacements of both the film and its

substrate.
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Figure 2.11. A schematic of a double beam Mach-Zehnder interferometer. From Pan et al. 64]. In
the plot BS and PBS stand for beam splitter and polarized beam splitter, respectively.

The laser beam interferometer is based on the change of detected light mtensity
produced as a reference beam is recombined with a probe reflected off the surface of an
oscillating piezoelectric sample. Interference between the two beams results in a variation

of the light intensity at the photodetector which is expressed as [3]:

411:AL) (2.13)

1 1
I=—(1__+I JY+—(I__ -1 _)sin
2(mx ]T]lIl) Z(mdl mm) (

where I.; and Ly, are the maximum and minimum intensities of the interference fringes,

AL is the optical path-length difference induced by the oscillation of the sample, and A is
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the wavelength of the laser light. When the displacement AL is much less than the full

fringe range, the sine function in eq. 2.13 can be replaced with its argument. The light

intensity at the photodetector is converted to a voltage which is expressed as:

Vi (0= Vi, + EDV,g 8O (214
where V; is the peak-to-peak voltage corresponding to the full fringe displacement (i.e.
Trnax - Imin) and Vg is the dc offset. From knowledge of the peak-to-peak voltage, which is
obtained by moving the reference mirror over a distance of greater than A/2, and the
wavelength of the laser, the change in the optical path length (AL) is measured. This
gives the surface displacement of the piezoelectric sample, from which the piezoelectric
coefficients can be characterized.

Interferometric techniques have been used with considerable success for the
piezoelectric characterization of thin films. Their resolution and high-frequency
capabilities make them attractive tools for piezoelectric thin film research however, there
are drawbacks, with cost and complexity perhaps the most notable. In light of that fact,
there has been a considerable effort over the years to develop a quick and simple

technique to characterize the electromechanical behavior of thin films.

2.9.2. Direct Techniques for the Piezoelectric Characterization of Thin Films

There have been a number of attempts in the past to utilize the direct piezoelectric
effect to characterize piezoelectric films. Perhaps the earliest technique was designed by

Dybwad in 1971 {66]. The device is illustrated in Figure 2.12 and is analogous to the
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Berlincourt meter. Pressure fluctuations were delivered to sample films by a hydraulic
pulse and electrical contact was made with a gold plated bellows. Piezoelectric
characterization was accomplished via the detection of a voltage pulse on the screen of an
oscilloscope and the relative piezoelectric activity of different films was quantified by a

direct comparison of the signals generated.
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Figure 2.12. The normal load method for the piezoelebtric characterization of thin films [86]. The
motor driven ram was used to drive a metal bellows which applied a hydraulic pulse to the
piezoelectric film. The stress on the film created an electrical voltage which was registered on the

screen of an oscilloscope.

The device illustrated in Figure 2.12 could identify piezoelectricity in thin films,
but could not quantify the longitudinal piezoelectric coefficient. That limitation was the
result of the rig’s unknown boundary conditions. The effects of lateral stress could not be
controlled, which meant that transverse contributions (i.e. d3; components) to the electric
charge could not be quantified. In addition, the electrode’s contact area was flexible and
the applied hydraulic load was an unknown. The resulting difficulties in the calculation of

the normal stress leads to significant errors in the calculation of dis.
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There have been several authors that used similar probe type designs [5, 67] but
the devices constructed were limited to simple charge generation and voltage
measurements. Quantification of the ds; coefficient was not possible as a result of the
numerous unknowns in those systems. In contrast, Surowiak and Czekaj [68] designed
the rig shown in Figure 2.13 and directly measured the di; coefficients of PZT thin films.
The principle of operation is based upon the oscillation of solid hemispherical probe tips.
The change of tip displacement stresses the film and results in the production of an
electric charge. The charge is then converted to a voltage, amplified, and used to
calculate the film’s da; coefficient. Data were reported for sputteredr PZT films (0.6 and 4
um thick) are between 70 and 120 pC/N and are in reasonable agreement with more
recent ds3 investigations.

Additional devices which use the direct effect have been reported by Letki and
Dormans [69] and Ren et al. [70]. The first was designed around the application of a
mechanical force to the surface of a PZT film with a rectangular metallic tip. Charge was
collected on a large shunt capacitor and the voltage across the capacitor measured with a
high impedance voltmeter. Data collected from. the rig were reported to be between 200
and 400 pC/N for CVD and sol-gel films, respectively. Those numbers are questionable
in light of the limited extrinsic contributions to the ferroelectric characteristics of PZT
thin films (discussed in chapter 4). Possible sources for the over approximation are
contributions from lateral stresses (i.e. a mixed mode condition) or an uneven distribution
of the applied stress {the films tested were between 0.2 and 0.6 um thick, dust between
the probe and PZT could affect the distribution of stress). Problems with Letki’s design

were rectified by Ren et al. [70] who designed a similar rig with a conductive rubber tip.
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The elastic nature of the tip insures intimate contact with the film’s surface and thus a
uniform stress distribution. The electronics and charge measurements were analogous to
Lefki’s setup. Data were collected from 0.8 pm thick 50/50 PZT films prepared by a
metallo-organic deposition procedure. The dj; coefficients of the poled films were
reported to be about 100 pC/N and are in acceptable agreement with the coefficients

reported from other researchers [68, 71].

Figure 2.13. The piezoelectric characterization device designed by Surowiak and Czekaj [68].
The piezoelectric sample (#1) is held between the two hemispherical electrodes (#2) while the
shaft is oscillated. The bottom electrode {#2) is connected to ground and the top electrode (#4) is
fed to the charge detection equipment (#6).

2.9.3. Measurements of the Transverse Piezoelectric Coefficients of PZT Thin Films

The characterization of the d3; coefficient of piezoelectric thin films has been

accomplished with both direct [49] and converse methods [4, 72]. Interferometric and
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other optical techniques have been used to derive the electrically-induced displacement of
small PZT coated cantilevers (or diaphragms) from which the da; coefficient (which is
responsible for the displacement) can be calculated. The cantilever technique is an
indirect method however, and requires that the di; coefficient be calculated from the
equations which describe the bending displacement of a piezoelectric bimorph [30, 73].
Because the models require knowledge of the film’s in-plane elastic constants and those
values are often unknown, the di; coefficients derived can be incorrect.

Kanno et al. [49] developed an alternative technique which also requires the
microfabrication of PZT-coated cantilever beams. The beams are constructed by wet
etching the magnesium oxide substrate back from the platinum bottom electrode, thus
leaving a composite beam consisting of Pt/PZT/Pt. The lateral expansion of the beam is
then measured directly using a laser microscope. The change in length is used to calculate
the strain produced in response to the applied field, from which the film’s da; coefficient
can be directly calculated.

There has to this point been little work conducted on the dj; characterization of
PZT thin films. The techniques used to collect most ds; data (direct or converse) all suffer
from the same problem, that is the elastic properties of the PZT film must be known. The
majority of authors utilize bulk ceramic moduli in their calculations. However, there
could be a significant deviation between the Young’s modulus of PZT films and their
bulk ceramic counterparts. That discrepancy could be the source of the considerable
scatter among the ds; data in the literature.

Table 2.3 is a compilation of d3; coefficients reported for a number of different

PZT films measured by several different techniques. The magnitude of the coefficients
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are given together with the film’s specifications (i.e. thickness, composition, etc.). The

data presented are taken only from films with large remanent polarizations, dielectric

constants and low dielectric losses. Variations in the ds; data are expected to be the result

of the different mechanical characteristics assigned to the PZT films, their different

microstructures, and the different characterization techniques used to make the

measurements.

TABLE 2.3.Transverse Piezoelectric Coefficients (d,,) of PZT Thin Films

Reterence d,, Measurement Deposition Thickness Elastic Paling
Technigue (Zr/Ti Ratio) (um) Modulus Conditions
(GPa)
Toyama et al. ~33 Oscillating ECR sputtering 0.40 63 As-deposited
1994 [6] beam (MPB)
Udayakumar -88 Interferometer, Sol-gel 0.38 25 200 kV/cm AC
et al. 1994 cantilever beamn (MPB} field
[23]
Wantanabe et  -96 Interferometer RF magnetron 1.0 37 50 kV/cm
al. 1995 [60] sputtering for 10 min.
(MPB) (E,=100 kV/cm)
Tuchiya et al. -30 Interferometer, Sol-gel 31 101 Film was poled,
1996 [48] diaphragm {(MPB) conditions not
given
Muralt et al. -35 Interferometer, Sputtered 0.6 92 70 kV/em DC
1996 [72] diaphragm (45/55) bias
Luginbuhi et -32 Interferometer, Sol-gel 0.44 72 270 kv/cm DC
al. 1996 [4] cantilever beam NA bias
Sakata et al. -100 Bending beam Magnetron None 75 100 kV/cm at
1996 [74] sputtering given 200°C
(45/55)
Kanno et al. -100 Optical lateral RF magnetron 3.6 NA As-deposited
1997 {49] displacement sputtering

(Epitaxial 50/50)
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The elastic moduli reported in Table 2.3 show a significant amount of scatter and
it is unclear how a number of the values were derived. The elastic modulus of
polycrystalline PZT ceramic is reported to be about 70 to 90 GPa [32, 35]. Because the
crystal structure of thin films is the same as the bulk materials, it is expected that
Young’s modulus would be comparable (the crystallographic texture of .fiims, the
submicron grain sizes, and the clamping of ferroelastic walls could lead to some
deviation). However, magnitudes as small as 25 GPa [23] and as large as 400 GPa (22]
have been reported. Because the ds; coefficient is inversely proportional to the applied
stress, low values of the elastic modulus will yield high ds; coefficients and high values

of the elastic modulus will yield low ds; coefficients.
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3. Experimental Procedure

3.1 Introduction

The objectives of this investigation were divided along two fronts, with research
devoted to (1) the investigation of the effects of biaxial stress on the dielectric
characteristics of PZT thin films, and (2) the development of the wafer flexure method
for the characterization of the ds; piezoelectric coefficient. This chaptcr describes the
experimental procedures used for both of those investigations, as well as a description of

the thin film fabrication.

3.2. Deposition of PZT Thin Films

[

Lead zirconate titanate thin films have been used throughout this investigation.
Films were synthesized at Penn State using two sol-gel methods, a methoxyethanol
solvent chemistry technique and an acetate-based approach. The former were relatively
thin (less than 2.5 pm) while the latter were up to 5 pm in thickness. In general, the
former were crystallized by rapid thermal annealing, while the latter were heat treated for
longer times in a conventional furnace. Additional films were provided by Matsushita
corporation and were fabricated by RF magnetron sputtering. This section details the

processing of each type of film.
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3.2.1. Rapid Thermal Annealed Films

PZT thin films were synthesized with compositions across the morphotropic
phase boundary (zirconium to titanium ratios of 60/40, 56/44, 52/48, 48/52, 40/60) using
a variation of the procedure described earlier by Budd, Dey, and Payne [75]. Lead acetate
trihydrate was dissolved in 2-methoxyethanol, distilled and refluxed at 110°C, and
combined with titaninm-IV isopfopoxide and zirconium-IV propoxide (Aldrich
Chemical, Milwaukee, WT). Solutions were made in 0.5 molar concentrations and spin
coated at 3000 rpm on platinized (100) silicon substrates (Nova Electronics, Richardson,
TX). Each substrate had 1 pm of thermal oxide sputter coated with a 200 A titanium
adhesion layer and 1500 A of (1.‘1 1) platinum. Following pyrolysis at 300 to 360°C,
additional layers were spin-coated to build up the desired thickness. Lead volatilization
was discouraged (during the subsequent annealing step) with either 12% excess lead in
the solution or via the utilization of a lead oxide overlayer [76, 77]. Films were
crystallized in an AG Associates, Heatpulse 210 rapid thermal annealer at 700°C for 60
sec. Tndividual crystallization steps were conducted for thicker films after every fourth
coating to minimize cracking of the resulting film. Final film thicknesses ranged from 0.4
to 2.5 pum thick. Additional details on the processing are given elsevyhere [78]. Pt top

“electrodes were sputtered through a 1.5 mm diameter shadow mask and post-annealed at

400°C for 60 sec.
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3.2.2. Conventional Furnace Annealed Samples

Thicker films crystallized in a conventional furnace were also investigated in the
study of biaxial stress effects. The films were synthesized using the sol-gel procedure
described by Chen [79] with 52/48 compositions, thicknesses of 3 and 5 um, and strong
(100) textures. Precursor solutions were made with 20 mol% excess lead via the
dissolution of lead acetate trihydrate in acetic acid. The solutions are taken through a
distillation step at 105°C and mixed with zirconium n-propoxide and titanium
isopropoxide after cooling to room temperature. Ethylene glycol and deionized water are
then added to the solution to control the viscosity and concentration. The final solution
was then spin cast at 7500 rpm onto platinized silicon substrates. Each layer was dried at

150°C to evaporate the solvent, rapidly heated to 400°C to remove residual organics, and
preannealed at 600°C to densify the film. Multilayer films were then crystallized at
700°C for 1 hour in a conventional box furnace. Pt top electrodes were sputtered through

a shadow mask with 1.5 mm diameter holes and post-annealed at 400°C for 60 sec.

3.2.3. RF Magnetron Sputtered 50/50 PZT Films

Several 4” diameter 50/50 RF magnetron sputtered films were used in the
development of the wafer flexure technique (Matsushita Electric Industrial, Kyoto,
Japan). The two films studied were approximately 3.0 and 3.3 pm thick and both
displayed strong (111) textures. Details of the deposition procedure are given in Table 3.1

[49]. Pt top electrodes were sputtered through a 1.5 mm diameter shadow mask.
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TABLE 3.1 Sputtering Conditions for the Deposition of 4” PZT Thin Films

Target [Pb(Zr, .., Ti, ,}O,]0.8+[Pb0]0.2 {Hot pressed)
Substrate PU/Ti/(Si0,)/Si [Pt/Ti = 1000A/500A]
Stage Temperature 600°C
Target to Substrate Distance 10 cm
RF Power _ 500 W
Gas Flow Ar/O, = 9.5/0.5 sccm
Pressure 1.0 Pa
Deposition Rate 0.7 — 1.0 um/hr

3.3. Residual Stress Measurements

The residual stresses of a number of Pt-Ti bottom electrodes and sol-gel PZT
films were characterized using an Ionic Systems 30120 Stress Gauge (Salinas, CA). The
PZT films measured had 52/48 compositions and thicknesses of about 0.4 pm (as
measured via ellipsometry). The change of the radius of curvature of the substrate was
determined from the change in reflected light intensity off the back of the silicon
substrate. From knowledge of the radius of curvature, the residual film stress was

calculated using the Stoney formula [45]:

1 E t? (3.1)

5§78

T6R (1-v,)t

Oy

where o is the film stress, Ey is the Young’s modulus of the silicon (150 GPa), v; is the
Poisson’s tatio of the silicon (0.172) , t, is the substrate thickness (500 um), and t; is the

film thickness.
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Curvature measurements were made for the crystallized PZT films before and
after chemically removing the film from the substrate using a mixture of 10%
hydrofluoric acid in deionized water. The etch removed the PZT without damaging the

underlying layers.

3.4. Characterization of the Effects of Biaxial Stress on the Dielectric Properties of PZT

Thin Films

The effect of biaxial mechanical stress on the low and high-field characteristics of
PZT thin films was investigated to evaluate the potential role of film stress on their
electromechanical properties. Filf{ls with 60/40, 56/44, 52/48, 48/52, and 40/60 zirconium
to titanium ratios were prepared with the sol-gel procedures described in secs. 3.2.1 and
3.2.2. The films tested ranged from 0.4 to 5 pm thick and possessed either a (111) or
(100) crystallographic texture. Controlled stress states (compressive or tensile) were
imposed upon the films with ; .\:'ﬁg designed to apply a constant gas pressure to either a
PZT coated silicon wafer or a PZT coated chip bonded to a predeformed steel substrate.
The remanent polarization, coercive field strength, dielectric constant, and tan § were

measured as a function of the applied stress (sec. 3.4.4) for levels on the order of £100

MPa.

3.4.1. The Uniform Pressure Rig

Controlled biaxial stresses were applied to the PZT films using two separate

methods. The first design is illustrated in Figure 3.1 and utilized complete 3” silicon
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substrates which were clamped between two 3.5” Viton O-rings PZT side up (i.e. facing
away from the housing). The PZT coated substrate, when clamped, formed a pressure
seal above a small cavity behind the test sample. The subsequent evacuation (with a 1
micron roughing pump) or pressurization (with a gas bottle/regulator combination) of the
pressure chamber flexed the wafer, and placed the film on the surface in a controlled state
of biaxial compression or tension. The stress applied to the films was quantified via
resistance strain measurements at the center of a number of PZT coated wafers as a
function of applied gas pressure (+85 kPa). Results from those tests indicated the
maximum stresses to be 115 MPa and -40 MPa for the tensile and compressive
configurations, respectively. The stress level of the compressive experiments was an
unexpected result (discussed in detail in chapter 4) for it did not rehieve the reéidual
tension on the film (measured in the residual stress tests at about 100 MPa). That
limitation forced the development of the alternative, chip-on-steel experiments (to be
discussed in sec. 3.3.3)), in oxder to achieve the compressive stresses needed to relieve

[

the residual stress on the films.
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Figure 3.1. The uniform pressure rig for the controlled bending of 3" PZT coated silicon

substrates.

3.4.2. Characterization of the ﬁ)[‘agnjtude of Applied Stress

Resistance strain measurements were made on a number of 37 substrates to
quantify the stress applied for a given air pressure during the biaxial stress experiments.'
Subsequent compression tests were made in the chip-on-steel configuration and
employed strain gauges bonded directly to the sample during the low-field experiments.
The strain gauges used for all tests had a resistance of 120€2 and grid lengths of 1 to 2

mm (Omega KFG-an-120-C1-11L3M3R). Gauges were shunt calibrated prior to testing

' Preliminary calculations of the stress induced by the pressure changes were made using classical plate
theory. However, comparisons to the measured strain response showed that the flat plate approximation
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and conditioned using a Measurements Group 2100 Amplifier.
The level of stress applied to the PZT films was calculated from the strain data
using a Young’s modulus of 101 GPa [48] and taking the Poisson’s ratio to be 0.3. The

stress at the center of the wafer was calculated for the equibiaxial condition as

s XEB (3.2)
(I-v)

where o is the stress on the film (N/mz), X is the measured strain on the film, E is

Young’s modulus (N/m?), and v is Poisson’s ratio. Results from the strain experiments
showed that for +85 kPa of air pressure in the cavity the biaxial stress on the PZT was

about +115 MPa and for -85 kPa of pressure the stress was -40 MPa.

3.4.3. Chip-on-Steel Design

Results from the strain gauge experiments showed that when configured for
compression tests, the uniform pressure rig failed to produce stresses in films (on 3”
substrates) which surpassed -100 MPa. For that reason an alternative design was
developed in which PZT coated silicon chips were fitted with strain gauges and glued
(Miller-Stephenson Epoxy 907) to the surface of slightly bowed steel substrates. The
steel plates were 3” in diameter and 1.2 mm thick and the PZT chips were roughly 6.5

mm squares and 500 pm thick.

was incorrect for the compressive configuration and further attempts at the prediction of applied stress were
abandoned in deference to the direct strain measurements.
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PZT COATED SILICON CHIP
(BONDED TO INSIDE SURFACE OF THE STEEL)
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Figure 3.2. The chip on steel design for the application of large compressive stresses to PZT thin

films.

Prior to bonding the test chips to the surface, the steel plates were placed in the
uniform pressure rig and the rig%was- inflated to +85 psig. (590 kPa). The pressure in the
rig caused the plates to yield and deform into shallow symmetrical domes. By gluing the
chip to the convex side of the dome, 1.e. to the side which was not exposed to the high
pressure, and then placing the chip and plate assembly back in the rig chip side down, the
chip could be forced to a highly compressive condition as the rig was inflated to 70-75
psig. (strain plateaued for pressures which exceeded that limit). The schematic in Figure
3.2 illustrates the setup: Each steel plate was used for a number of experiments however,
the maximum strains of 1000 x10°® (140 MPa) were only achieved during the first
pressure cycle. For subsequent tests, strains were lessened as a result of the plastic

deformation of the plate on the first pressure cycle (the bow had been folded inside out).
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Nevertheless, values achieved were found to lie between 750 and 800 pstrain (i.e. strain x

10"y which produced stresses in excess of the 100 MPa target.

3.4.4. High and Low-Field Electrical Characterization

Polarization measurements were made using a Radiant Technologies RT66A
ferroelectrics tester. The maximum voltages applied were varied until the polarization
hysteresis loops could be saturated. Typical values ranged from 20 to 40 Volts, although
some of the thicker furnace annealed samples required voltages between 100 and 200
Volts. Electric fields were dependent upon film thickness and will be reported for the
specific film tested. Capacitance and tan 6 were measured using either a Hewlett Packard
4274 A Multi-Frequency LCR Meter or a 4192A LF Impedance Analyzer. All low-field
tests were conducted at a frequency of 10 kHz and an rms voltage of 10 mV. Experiments
were conducted a minimum of two times on each sample and data reported here were
taken from the second test. Cgﬁécitance and tan d values were recorded 1 minute after the
desired test pressure was achieved. Tensile experiments were conducted on complete 3”
wafers semi-clamped (i.e. a condition between clamped and simply supported) in the two
O-ring configuration (see Figure 3.1) with electrical contact made via a solid point probe.
Compression experiments were conducted using the chip-on-steel design (see Figure 3.2)
with electrical leads hardwired (Circuit Works CW 2400 conductive epoxy) onto the
platinum electrodes (top and bottom) and fed, together with the leads from the strain

gauge, through a pressure seal in the housing of the pressure rig.
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3.5. The Wafer Flexure Technique for the Characterization of the ds Piezoelectric

Coefficient

The wafer flexure technique is a simple and inexpensive method for evaluating
the transverse piezoelectric coefficient (ds;) of piezoelectric thin films. The technique is
based upon the periodic flexure of a PZT coated substrate which imparts an AC two-
dimensional stress to the piezoelectric film. The surface charge generated via the
mechanical loading is converted to a voltage by an active integrator. Plate. theory and
elastic stress analyses are used to calculate the principal stresses applied to the film. The
da; coefficient can then be determined from knowledge of the electric charge produced

and the calculated mechanical stress.

3.5.1. Principle of Operation

i‘-\1>‘.r . . .
The wafer flexure technique is a direct technique used to measure the transverse
piezoelectric coefficient (ds;) of piezoelectric thin films. The equation which describes

the effect 1s:

D
T
" (o to,)

(3.3)

where di;; is the transverse piezoelectric coefficient (C/N), Dy is the dielectric
displacement (C/mz), and o; and o, are the stresses applied in the plane of the film

(N/m?). Measurements are made by subjecting clamped PZT coated wafers to small

pneumatic pressures. Flexure of the substrate results in the transfer of strain from the
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silicon to the PZT film and the application of a planar stress to the material. In
accordance with the direct piezoelectric effect, a charge is produced which is detected
electronically and used together with the stress applied to the film (as calculated from
small deflection plate theory) to calculate the material’s ds; coefficient. Figure 3.3 is an
illustration of the device. The components which make up the device (i.e. the uniform
pressure rig, the charge integrator, the peripheral electronics, and the mercury drop

electrode) will be described in the sections which follow.

l 5GC SYRINGE
/
“PIEZOELEGTRIC
GHARGE QUTPUT MERCURY DRoOP
CHARGE
INTEGRATOR S
CREWS s RETENTION
SIGNAL INPUT | I RING
Lock-IN wy, GOATED
AMPLIFIER - SUBSTRATE
FREQUENCY |
’ PRESSURE
10" AUDIO SPEAKER
PRESSURE TRANSDYUCER
QuTPUT

Figure 3.3. The wafer flexure d,, measurement setup.
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3.5.1.1. Uniform Pressure Rig

The uniform pressure rig (a version of the device described in sec. 3.4) has been
constructed with two separate designs. The first is illustrated in Figure 3.1 and will be
referred to as the prototype rig. For piezoelectric measurements the O-rings shown in the
illustration were removed and replaced with removable aluminum bushings. The inner
radii of the bushings measure 1.25” (31.75 mm) and at points of contact with the sample,
the aluminum has been polished to 5 um roughness (to improve the pressure seal and to
reduce the risk of substrate fracture). .

The second design is shown in Figure 3.4 and will be referred to as the modified
rig. The modified rig was constructed with the intent of; (1) eliminating possible errors
associated with the placement of the wafer in the prototype rig and (2) expanding the
capabilities of the device to allow the characterization of 100 mm (4 inch) wafers. The
housing was constructed fror__rha 5” inch aluminum round with four ¥%” pipe fittings
tapped at equidistant locations around the perimeter of the device. The pressure cavity of
the aluminum rig is 1” deep and sealed using one of two carbon steel base plates. The
steel plates have either a 3” or 4” recess machined in their surface, which insures a
consistent wafer placement from test to test. Test wafers are secured in position with a
steel retention ring having an inner radius of 1.25” for the 3” measurements or 1.75” for

4" wafers. Four 8-32 screws hold the wafer in place with 2.5 in-1bs of torque.
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Figure 3.4. An illustration of the modified pressure rig. The rig is capable of handling either 3" or
4" PZT coated substrates.

[

3.5.1.2. Charge Integrator

The charge integrator used to monitor the piezoelectrically-induced charge is
shown in Figure 3.5. Charge from the piezoelectric film is directed to an operational
amplifier (op amp) integrator. The input to this circuit is a virtual ground so the film is
held in a zero field state (to within a few millivolts). Charge i1s collected on a
polypropylene internal reference capacitor (typically set at 10® F) which provides good

temperature stability and low dielectric absorption. Since the op amp integrator circuit is
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an inverting configuration, a second op amp is used to invert the output voltage from the
first op amp. The output from the device is then reported as a voltage which is

proportional to the amount of charge collected on the reference capacitor.

4 AA
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OLYPROPYLENE
CAPACITORS [ m——
\.\'\ ' ! —V+
_/L.—-————.—.,
10MF HE— | | s
* || MN13B1-S
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INPUT I
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? 50 | —
/e Vs
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V+ V-
uT
M QuTpPuT
100K 1%
{0k o 1/2LMCE62
200 (NATIONAL SEMICONDUCTOR]) 1/2 LMCH62
- (NATIONAL SEMICONDUCTOR)
INPUT ZERO

Figure 3.5. Schematic of the electric charge integrator.
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3.5.1.3. Peripheral Electronics

Pressure in either rig (moditied or prototype) is changed via the oscillation of a

10” audio speaker coupled to the cavity behind the clamped wafer.” The speaker is

excited with the reference signal (0.4 Vs at 4 Hz) from an EG&G 7260 lock-in amplifier

fed through a Harman/Kardon HK770 stereo amplifier. The resulting air pressure

oscillation flexes the wafer, inducing a charge via the ds; coefficient of the film. The

charge from the PZT sample is converted to an rms voltage and together with the voltage
from a piezoresistive pressure transducer (Omega PX170, 0.26 psig full scale) is fed into

the lock-in and measured with respect to the internal reference. From the lock-in data,

output charge and applied pressure are then calculated. In general, the most reliable

results were obtained with oscillation frequencies between 3 and 5 Hz.

3.5.1.4. Mercury Drop Electrode

Ly,

Electrical contact is made to the top electrode of the .test capacitor with the aid of
custom designed mercury probe. It was found that with a solid probe the relative motion
of the film surface and the probe tip (in response to the wafer’s oscillation) resulted in
artifacts which affected the reproducibility of the technique. A mercury probe was |
therefore used to eliminate extraneous charge contributions. The probe was constructed
from a 5Scc plastic syringe which contained one or two drops of mercury. Adjustment of

the synnge’s plunger allowed a single drop of mercury to be suspended from the needle’s

*In the initial stages of development pressure was changed via the displacement of a 60cc syringe attached
to the housing of the rig. Data collected from the earlier design will be given in chapter 5 and details of the
setup can be found in reference [7].
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tip. The tip was then lowered into contact with the platinum top electrode. The needle
was insulated from the plastic body of the syringe and was hard wired to a BNC cable
connected to the charge integrator circuit (which was in turn connected to the lock-in
amp). Measurements made with the modified technique have yielded standard deviations

of less than 10%, though the precision, once a sample is mounted is considerably better.

3.5.2. Stress Analysis and the Calculation of ds;

The determination of the film’s transverse piezoelectric coefficient requires
knowledge of the mechanical stress applied to the film (eq. 3.2). Small deflection plate
theory was ﬁsed together with the pressure applied to the wafer, the support radius, the
substrate thickness, and the test capacitor location to calculate the principal stresses at a
specific location on the silicon substrate. The bending stresses which result from a

uniform pressure on a clamped circular plate are [42]:
Ly

o, é%[(lw)al ~@+v)r?] (3.4)

3p

4; [(1+v)a” — (1+3v)r] (3-5)

G, =

where o, and ¢, are the radial and tangential stresses on the plate (N/m®), p is the pressure
applied to the plate (N/m?), z is the distance from the meutral axis (m), t is the plate

thickness (m), v is Poisson’s ratio, a is the support radius (m), and r is the distance from

the center of the plate (m).
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Because the mechanical properties of the silicon substrate and the piezoelectric
films differ, wafer stresses calculated from plate theory must be corrected te determine
film stress. The assumption was made that all strain applied to the substrate was
transferred to the film. Knowing the stresses applied to the substrate (egs. 3.4 and 3.5),

the strains are calculated via generalized Hooke’s law as:

Si Si

s _ 9 a, (3.6)
e Ve E
Si Si
S Si

si_ 0, G, (3.7)
A
Si Si

where ;% is applied stress in the 1 direction (1 and 2 are the principal in-plane directions
corresponding to the tangential or radial orientation), X;"! is the strain in the 1 direction,

Vg 1s the Poisson’s ratio of the silicon, and Eg Young’s modulus of the silicon. Tn a

similar fashion Hooke’s law may be written for the PZT film:

PZT PZT
pzr _ Oy G, (3.8)
x5 = ~Vogr

E E

PZT PZT

PZT PZT
ez _% O (3:2)
2 - PZT

EPZT EPZT

Because of the conservation of strain, the equations for GIPZT and o;'%" can be
derived explicitly by setting X7 = x,% and x,P%T = x5 Solving the set of two equations

for the stresses on the films gives:
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PZT si PZT
o, = xllEPZT 1V O, (3.10)

and

(3.11)

PZT _ Epar

8 S
: = 2 (X5 +VezrX))
A=vi)

The expansion of eq. 3.11 yields a more fundamental form of the equation written
in terms of the elastic properties of the silicon and the elastic properties of the PZT film

where:

E - oS (3.12)
EZT = “(“i““j_“%z”;“_)["gl_(vpzr _V51)+E_2(1“VPZTV51):|
PZT st si

The expressions derived are appropriate for small deflections of a coated wafer if
the ratio of the PZT film thickness to the silicon substrate thickness is small. For the case
of a PZT film on a silicon sgpstrate, the thickness ratio is much less than 1%, and
deformation of the composite wafer will be governed by the elastic properties of the
silicon substrate. Furthermore, because small deflection plate theory is used, the
maximum deflection of the coated wafer may not exceed 20% of the thickness of the
plate [42, 80]. For deflections beyond that point, membrane (i.e. stretching) stresses are
no longer negligible and use of the small deflection equations would result in significant

€ITorI.
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3.5.3. Numerical Considerations

3.5.3.1. Elastic Modulus of the PZT Film

Equation (3.12) shows that the stress on the film is dependent upon both the
elastic properties of the silicon and the PZT. Inaccuracies in those quantities will carry
through the stress analysis and to the subsequent ds; calculation. It is important to note
that although the mechanical properties of silicon are well characterized [81, 82] the
properties of thin film PZT are not. That observation is important because at present all
methods (converse [72] or difect [83]) for the determination of the transverse
piezoelectricl coefficient require explicit knowledge of the material’s elastic moduli.
Published values have ranged from 25 [23] to 400 GPa [22] and it should therefore be
noted that the disparities among ds; values reported in the literature could result from the
different elastic moduli usediiﬁ' their calculation. Values for bulk PZT are typically
quoted at about 70 to 90 GPa [32, 35]. The Young’s modulus used in this investigation
was taken as 101 GPa [48] and was selected in order to vield a lower limit for the dj,
coefficient (i.e. calculated stress increases and dj; decreases for larger Young's moduli).
In addition, the value used is one of the few published reports for the elastic modulus of a
PZT film. The high value relative to bulk PZT ceramics could be the result of limited
non-180° domain wall motion in films, since such motion provides a deformation

mech_anisrn which decreases the material’s stiffness.



61

3.5.3.2. Anisotropy of the Silicon Substrate'

The anisotropy of the silicon substrate can, in principle, complicate the
calculation of the stress applied to the piezoe]ectric film. However, strain gauge
measurements along the <100> and <110> directions of a bare wafer showed no
significant difference in the mechanical response (chapter 5). That result suggests that the
elastic properties which govern deformation of the substrate can be represented with
single values of Poisson’s ratio and Young’s modulus. A comparison of the experimental
and theoretical strains (as calculated from plate theory) gave the best agreement when the
average of the maximum and minimum in-plane elastic constants (the <100> and <110>
directions) were used in the calculation. For that reason, the silicon was treated as an
isotropic plate and the averages of both the Young’s modulus and Poisson’s ratio were
used in the ds; calculations presented here. Table 3.2 summarizes the mechanical

properties of both the silicon sgbstrate and the PZT film.

TABLE 3.2. The Elastic Properties of the Silicon Substrate and PZT Thin Films

Material Young's Modulus (GPa) Poisson’s Ratio

{100) Silicon [81] 150 0.172

PZT Thin Film [48] 101 0.3
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3.6. Validation of the Wafer Flexure Technique for the Transverse Piezoelectric

Characterization of Thin Films

3.6.1. Resistance Strain Gauge Measurements

An obvious concern with the development of any measurement technique is the
validity of the results obtained. To begin to address that question, a number of
experiments were designed in which the stress models used were validated using
resistance strain gauge measurements. Strain gauges were fastened to the center of a
number of 3” and 4” silicon substrates and the strains produced in response to an applied
pressure in the rig were compared to those predicted by plate theory (sec. 3.5.2). Both
pressure and strain measurements were made in an AC fashion with the output from the
strain gauge conditioner and pressure transducer sent to the lock-in amplifier. For
comparison with theory, thei‘s}train was measured as a function of air pressure by
changing the drive voltage on the andio speaker between 0.2 to 0.8 Volts. The oscillation

frequency was set at 4 or 5 Hz.

3.6.2. The Variation of the di; Coefficient with Radial Location on a Wafer

Two experiments were conducted in which the transverse piezoelectric response
was characterized as a function of position on a 3” wafer. The first test used the prototype
rig with manual pressure oscillation and characterized a number of different capacitors

poled with +333 kV/cm for 1 minute. It was expected that because the stress on a plate
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varies as a function of radial location, the electric charge produced should also differ.
However, the di; coefficients were expected to be constant as a result of the homogeneity
of the material. The results obtained were consistent with the objective however, it was
expected that variations in the poling conditions and radius measurements led to small
variations in the data. To address that deficiency, a second test was conducted using the
modified setup in which the piezoelectric response of an as-deposited film was monitored
over the surface of the 3”7 substrate. Because the sbl—gel films had small as-deposited
polarizations it was expected that the magnitude of the di; coefficient would be constant
throughout the film. For a constant oscillation pressure the charge produced from the as-
deposited film could be monitored and normalized to the maximum value at the center of
the wafer. When the measurement was completed it was compared to the variation of
film stress as predicted from plate theory, which gave an indication of the validity of the

model used.

 3.7. Experiments with the Wafer Flexure Method for the Transverse Piezoelectric

Characterization (ds;) of Thin Films

3.7.1. The Influence of Excitation Stress on the d3; Coefficient

The transverse piezoelectric coefficient of a 0.4 um thick 52/48 sol-gel film was
measured as a function of the amplitude of the excitation stress in the wafer flexure rig.
Two experiments were conducted using the manual pressure oscillation of the prototype

design. The stresses achieved ranged from 5 to 25 MPa for four different displacements
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of the 60cc syringe. The film was poled at room temperature with an electric field of

+150 kV/cm for less than 1 minute and data were recorded after a 10 minute aging time.

3.7.2. The Effects of Poling Time and Poling Direction on the ds; Coefficient

The wafer flexure technique was used to characterize the ds; coefficient of a
number of PZT thin films. As a general rule, each PZT sample was characterized as a
function of poling time and poling direction at room temperature. T.he magnitude of the
poling field was typically two to three times the coercive voltage (as measured from the
polarization hysteresis loop) and poling was done in 5 or 15 minute increments to a
maximum of 1 hour. By analogy with piezoelectric ceramics [35], results from the
experiments were expected to a show a logarithmic increase with poling time. As such,
data from the poling experiments were used to check the health of the dy; meter, the
quality of the PZT films, and to identify/confirm the existence of internal bias fields (the
day response is strongly asymfiffetric with respect to poling direction for films with large

internal bias fields).

3.7.3. The Effects of Film Thickness on the Magnitude of the ds; Coefficient

Earlier work with interferometric characterization has reported that the
piezoelectric coefficients of PZT films increase with film thickness [79]. To evaluate that
claim, a study was designed in which the ds; coefficient was measured as a function of
poling time and direction for four PZT films of different thickness. The films used had

52/48 compositions with (111) textures and were synthesized using the procedure
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described in sec. 3.6.1. The thicknesses of the four samples tested were measured using
surface profilometry and were found to be 0.6, 0.8, 1.8, and 2.5 pm (steps were
chemically etched in each film using a 10 vol. % hydrofluoric acid). Platinum top
electrodes with diameters of 1.5 mm were sputter deposited and rapid thermal annealed at
400°C for 10 seconds.

Prior to piezoelectric measurements, the PZT films were characterized in terms of
their polarization hysteresis loops using the Radiant Technologies RT66A Ferroelectrics
Tester. Test capacitors on each film showed well saturated hysteresis loops with P, values
of about 22 uC/em” and E, values between 32 (2.5 um thick) and 55 kV/em (0.6 um
thick). The coercive field of each film was measured and used to calculate the poling
field to be applied for the subsequent ds charac£erization. For this investigation all
samples were poled at room temperature with an electric field three times their coercive
field strengths. Experiments were conducted as function of poling direction and poling

time and the results were correlated to film thickness.

Ly

3.7.4. The Aging Rate of the ds; Coefficient of PZT Thin Films

The aging of the piezoelectric response under closed circuit conditions was
measured and is reported as a function of film thickness and poling direction. A number
of films have been characterized including those from the thickness investigation (sec.
3.7.1) and the 4” RF sputtered samples. For each test, samples Were poled with an electric
field (typically two or three times their coercive field) for a time of 1 to 2 minutes. At the
end of the poling period the oscillation on the measurement rig was started and the test

begun. The output from the test capacitor was monitored continuously on the lock-in
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display and the voltages recorded every 5 minutes for times of 1 to 60 minutes after
poling. Care was taken to insure that the pressure applied to the plate was the same over
the course of the experiment. To that end, the audio speaker was warmed up for 15

minutes prior to the start of any aging test.

3.8. The Characterization of the dx; Coefficient of Test Chips Coated with Piezoelectric

Thin Films

The wafer flexure method was originally designed for characterization of the
transverse piezoelectric coefficient of PZT films deposited on 3" silicon substrates.
Modifications have been made however, which allow the characterization of the dj
coefficients of piezoelectric films deposited on small chips of substrate material. A
schematic of the design is given in Figure 3.6. The basics of the setup are the same as the
3” configuration, i.e. bending the chip produces an electric charge which 1s measured
with the charge integrator and‘lock-in amplifier combination. The flexure of the chip is
accomplished by gluing the sarﬁple (Instant Krazy Glue) onto the surface of a bare 3”
silicon substrate’ and then clamping the wafer in the test rig. As before, the pressure
oscillation flexes the substrate and forces the test chip to bend. The strain applied to the
film is measured either before or after the charge measurement using a resistance strain
gauge fastened to the film. From the strain measurements the stress applied is calculated

and used, together with the charge produced, to determine the film’s d3; coefficient.

3 Silicon need not be the host but it was used here because of its ready availability.
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4. The Effects of Biaxial Stress on the Low and High-Field Properties of PZT Thin

Films

4.1. Introduction

This chapter presents the results obtained from the investigation of the effects of
biaxial stress on the low and high-field characteristics of PZT thin films. The objective of
the investigation was to evaluate how applied stresses modulate the properties of PZT
films particularly in light of the existing hypothesis that residual stresses limit the
magnitude of their piezoelectric response. The results were also expected to contribute to
an understanding of non-180° domain wall motion in the films. Experiments were
conducted on samples with fixed microstructures and defect chemistries via the
controlled bending of PZT coated substrates. That is important because previous work in
this area relied on the differences of the thermal expansion coefficients of the film and
substrate to alterr the residual stress state of the film. Unfortunately, the resulting
differences in film grain size, texture, and defect chemistries complicates interpretation of
the results. This chapter has been constructed with the measurement of the applied strains
to 37 PZT films presented as the first major section. Results from the effects of stress on
the polarization hysteresis curves and the low-field dielectric properties are thén given for
both the wafer and O-ring and chip-on-steel configurations. The final sections of the

chapter are then devoted to a discussion of the empirical results.
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4.7. Residual Film Stresses in PZT Thin Films on Platinized Silicon Substrates

In order to evaluate the effect of applied stress on film properties it is desirable to
be able to take the film through both tensile and compressive conditions. It is important to
remember however, that for a film, the applied stress is superimposed on the residual
processing stress. This residual stress must be accounted for in order to take the film
through the true zero net stress state. Thus, the first step in this investigation was the
characterization of the residual film stress present in the RTA’d sol-gel films studied.

The residual stress on a number of 52/48 sol-gel PZT films was measured via
wafer curvature experiments. Films between 0.3 and 0.4 pum thick were deposited on
platinized (100) silicon wafers with the sol-gel procedure described in sec. 3.2. The
substrate’s curvature was measured after the final crystallization step and again after the
film was stripped from the substrate (10 vol. % HF). From the change in the wafer’s
curvature the stress which was required to deform the substrate was calculated. Results
from the wafer curvature measurements were consistent with those of other researchers
[46, 47, 85] and indicated that the residual stresses on the film’s were between 70 and

100 MPa of tension.

4.3, Strain on the 3" PZT Films as a Function of Applied Pressure

In order to determine the stresses that can be applied to the films, the strain at the
center of a PZT coated test wafer was measured as a function of the gas pressure in the
uniform pressure rig (Figure 2.1). Figures 4.1 and 4.2 show the tensile and compressive

responses, respectively. Data presented in the plots were collected from three tests in both
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the tensile and compressive configurations. In Figure 4.1 it is apparent that as the
pressure in the rig is increased, the tensile strain on the film increases to a maximum of
800 pstrain at a pressure of about 80 kPa (12 psig). In contrast, decreasing the pressure in
the cavity (i.e. drawing a vacuum) produces a curve in which the strain saturates. The
compressive strain was observed to reach a peak of about 300 pstrain (stress of about -40

MPa) at a pressure of -40 kPa (6 psig). For pressures below that threshold the magnitude

of the strain decreased slightly.
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Figure 4.1. The tensile strain at the center of a PZT coated test wafer when clamped between two

Q-rings in the uniform pressure rig. Maximum strains achieved were about 800 pstrain, which
translates to about 115 MPa of stress in the PZT.
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Figure 4.2. The compressive strain at the center of a PZT coated test wafer when clamped
between two O-rings in the uniform pressure rig. Maximum strains achieved were about 300

ustrain, which translates to about —40 MPa of stress in the PZT.

It is clear from the strain data in Figure 4.2 .that the strain achieved on the wafer.
surface 18 strongly asymmetric with the sign of the cavity pressure. Thus, the behavior of
the PZT coated silicon cannot be treated with large deflection plate theory (which would
predict that an increase of pressure causes an increase of strain). This asymmetric strain
response 18 thought to relate to the initial curvature of the PZT coated silicon which is
brought about from the residual stress on the film. As a result of that curvature the
substrate is not subjected to pure bending, but rather behaves as a thin walled pressure
vessel. As such, the bending strains applied to one side of the plate saturate and the
material begins to stretch rather than bend. Consequently, the tensile data continued to
increase with applied pressure and the compressive strain could not be made to exceed

the limit of 300 pstrain.
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4.4 Strain on PZT Chips Bonded to Predeformed Steel Substrates

As described in the previous section, and as illustrated in Figure 4.2, the
compressive strain applied to a 3” PZT coated substrate was significantly less than that
which was needed to relieve the residual tensile stress on the PZT films (~100 MPa). To
achieve the necessary strains, square chips of PZT coated silicon (6.5 mm on a side and
500 um thick) were epoxied onto bowed steel substrates. By placing the substrates PZT
side down in the pressure rig and inflating the device to 485-520 kPa the strains applied
to the PZT films approached 1000 pstrain as the dome was forced inside out on the first
-strain cycle. Release of the applied pressure resulted in an appreciable amount of residual
compression on the chip (-275 pstrain) brought about by the plastic deformation of the
steel plate. The removal (by heating the steel and chip composite to approximately 150°C
on a hotplate) and subséquent rebonding of a test chip/strain gauge combination resulted
in reversible strains of between -750 to -800 pstrain applied to the PZT films when gas
pressures did not exceed 485-520 kPa. Pressures in excess of that value resulted in an
additional deformation of the steel plate and sacrificed the feproducibility of the test.
Figures 4.3 and 4.4 show the strain produced on a PZT chip from the first (l.e. as the

dome was forced inside out) and second stress cycles of a bowed steel substrate.
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Figure 4.3. The strain applied to a 6.5 mm PZT coated test chip bonded to a predeformed steel
substrate. The data were taken from the first pressure cycle, i.e. as the steel dome was folded

inside out.
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Figure 4.4. The strain applied to a 6.5 mm PZT coated test chip bonded to a steel substrate. The
data shown were taken from three tests conducted on a PZT chip rebonded to the substrate after

the dome had been forced inside out on the first pressure cycle.
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4.5, Low-Field Characteristics of PZT Films as a Function of Applied Biaxial Stress

The application of controlled biaxial stress was accomplished in the preliminary
stages of this investigation using PZT coated 3” substrates and the uniform pressure rig
shown in Figure 3.1. Both tensile and compression experiments were conducted on
samples with different compositions, thicknesses, and poling conditions. Data were
collected for experiments conducted in the wafer and O-ring configuration as a function
of the air pressure in the rig housing for both the application and release of the applied
stress. From experiments with resistance strain gauges (sec. 4.3) the stresses applied to
the films (as measured at the center of the wafer) were found to approach 115 MPa for
+75 kPa of air pressure and 40 MPa for -85 kPa of pressure (i.c. a vacuum). The
limitation on the compressive stress levels forced the design of the chip-on-steel

experiments, which will be discussed in section 4.6.

4.5.1. The Low-Field Stress Response of 3” 52/48 Films in the Wafer and O-ring

Configuration

The capacitance and dielectric loss of several 52/48 PZT films less than 0.5 pm
thick were monitored as a function of the biaxial stress level and poling condition at an
applied voltage of 10 mV (~0.2 kV/cm) and a frequency of 10 kHz. Figure 4.5 is an X-ray
diffraction pattern for a 0.4 um thick film which illustrates the partial (111)
crystallographic texture of the films tested. Measurements were made at or near the

center of the 3” wafers. The first measurements in the poled condition were taken 20
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minutes after removal of the electric field, and unpoled measurements were made more

than 1 month after deposition of the film.
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Figure 4.5. The X-ray diffraction pattern for a 0.4 pm thick 52/48 sol-gel film.

Results from the wafer and O-ring experiments for a 0.4 pm thick 52/48 film are
given in Figures 4.6 and 4.7 for the film in both the poled and unpoled conditions. The
dielectric constants were measured at ~1000 in the unpoled condition and ~1100 after
poling with an electric field of 230 kV/cm for 10 minutes. From consideration of the
tensile portion of the curves (i.e. positive pressures) it is apparent that larger changes
were observed for the unpoled material, which showed a maximum change of 4% (which
corresponded to the maximum principal stress of 115 MPa). In contrast, the poled sample
showed a 2% decrease from the as-deposited condition. The return values upon release of

the applied stress were less than those recorded at the same stress for the original

application of the mechanical load. The differences between the increasing and
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decreasing stress data collapsed at small loads, and on complete unloading, the

capacitance values were found to be slightly larger than those of the as-deposited film.
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Figure 4.6. The change in capacitance of an unpoled 0.4 um thick 52/48 sample with applied
biaxial stress. The pressure range given corresponds to an applied film stress ranging from
approximately —40 to 115 MPa.

The curves in Figures 4.6 and 4.7 show that when subjected to an applied
compressive stress the capacitance of the sample increased between 1% for the poled
sample and 3% for the unpoled. With the release of the applied stress, the capacitance
dropped to values below those recorded with increasing load, mirroring the original path
but at lower magnitudes. Complete removal of the applied stress returned the film’s
capacitance to a value just below that of the as-deposited condition for both the unpoled
and poled material. Recall from Figure 4.2 that the strain applied to a PZT film did not
exceed -270 pstrain and the form of the curve showed a strong similarity to the shape of

the capacitance plot in Figure 4.6. The corresponding stress was therefore, no greater than
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-40 MPa (which could not have relieved the +100 MPa of residual tensile stress on the

film) and it is for that reason that the chip-on-steel experiments were designed.
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Figure 4.7. The change in capacitance of a poled 0.4 um thick 52/48 samples with compressive
stress. The pressure range given corresponds to an applied film stress ranging from
approximately —40 10 115 MPa.

4.5.2. Low-Field Tensile Stress Response of 3” 40/60 and 60/40 Films

In addition to the experiments conducted on the morphotropic phase boundary
films the stress response of unpoled films having both tetragonal (40/60 Zr/Ti ratio) and
rhombohedral (60/40 Zr/Ti ratio) symmetries was measured using the uniform pressure
technique (i.e. complete 3” substrates). Results from the studies are very similar to those
shown in Figures 4.6 and 4.7 (i.e. capacitance decreased with applied tension and

increased with applied compression) and are given in Figures 4.8 and 4.9. The dielectric -
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constants for the films in the as-deposited condition were ~ 860 for the 40/60 sample and
~ 1170 for the 60/40 film. For the experiments conducted on both films the changes
produced were reversible, with their magnitudes found to be less than 5% for all tests

conducted.
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Figure 4.8. The low-field biaxial stress response of a 0.45 um thick 40/60 film deposited on a 3"

platinized silicon substrate.
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Figure 4.9. The low-field biaxial stress response of a 0.55 um thick 60/40 film deposited on a 3”

platinized silicon substrate.

4.5.3. The Effects of Film Thickness on the Low-Field Biaxial Stress Response

The biaxial stress response for a series of 3” 52/48 films was measured as a
function of film thickness with the intent of identifying a critical thickness above which
the behavior of the material began to approximate that of a bulk ceramic [86]. Biaxial
stress experiments were conducted on a number of RTA’d and furnace annealed (FA)
samples in an attempt to activate (and identify) significant extrinsic contributions to the
low-field response. X-ray diffraction measurements showed the RTA’d samples had
(111) orientations while the FA samples had (100) textures. The dielectric constant and
tan § of the as-deposited films were measured prior to the outset of the stress experiments
and the data are given in Table 4.1. The plot in Figure 4.10 illustrates the variation of &

with film thickness. The dielectric constant of the RTA’d films increased from 900 to
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1040 for the RTA’d films, and from 1270 to 1370 for the FA samples. In general, the

dielectric loss was lower for the thicker films.

TABLE 4.1. Dielectric Constant and Dielectric Loss as a Function of Film Thickness

Film Thickness {um) Dielectric Constant (&) Dielectric Loss (%)

0.6 900 4.0

0.8 960 4.0

1.8 Q970 2.6
2B 040 26 .

3.0 1270 1.6

5.0 1370 2.0

The dotted line separates data from the (111) oriented RTA'd films from that for the {100) furnace
annealed samples.
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Figure 4.10. The variation of dielectric constant with film thickness. Data from both the RTA’d and
furnace annealed samples are presented.
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4.5.3.1. The Low-Field Biaxial Stress Response of (111) Oriented RTA’d Samples

The low-field biaxial stress response for the four (111) oriented RTA’d samples is
shown in Figures 4.11 to 4.14. The data presented were taken at the center of the wafer
from the second stress cycle (i.e. the second application of tensile and compressive
pressures) and each point was recorded 2 minutes after the desiréd pressure was achieved.
The data are analogous to that for films less than 0.5 um thick (see e.g. Figure 4.6). The
films showed a modest increase of capacitance upon application of a compressive stress
and a small decrease of capacitance with tensile stress. In both cases, observed changes
are no more than 3% from the unstressed value and were reversible upon release of the

applied loads.
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Figure 4.11. The stress response of a 0.6 pm thick 52/48 PZT thin film. The film was prepared on

a 3" platinized silicon substrate and had a (111) orientation.
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Figure 4.12. The stress response of a 0.8 pm thick 52/48 PZT thin film. The film was prepared on
a 3” platinized silicon substrate and had a (111} or_ientation.
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Figure 4.13. The stress response of a 1.8 um thick 52/48 PZT thin film. The film was prepared on

a 3" platinized silicon substrate and had a (11 1) orientation.
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Figure 4.14. The stress response of a 2.5 pm thick 52/48 PZT thin film. The film was prepared on

a 3" platinized silicon substrate and had a (111) orientation.

Two samples 3.0 and 5.0 pum thick with strong (100) textures were prepared using
a conventional furnace annealing procedure. Figures 4.15 and 4.16 show the low-field
data collected from the center point on both samples as a function of air pressure in the
rig. The form of the compressive stress response appeared similar to the RTA’d samples
i.e. applied compression increased dielectric constant. However, with increasing tension
on the film the capacitance did not decrease, as did the RTA’d films, but rather increased
by 2%. Measurements of the strain response as a function of applied pressure showed that
these samples deform in the same way as the thinner films. Thus, this difference in the
tensile response is not a consequence of an anomafous stress state imposed on the sample.
Two potential sources for. the variation in behavior are grain size (the thicker samples do
have larger surface grain sizes of 0.5 to 0.6 pm [79] relative to 0.05 to 0.2 pm for the

RTA’d films) and film orientation. This point will be addressed further in sec. 4.6.2.
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Figure 4.15. The stress response of a 3.0 pm thick furnace annealed sample. The film was

prepared on a 3” platinized substrate and had a (100} orientation.
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Figure 4.16. The stress response of a 5.0 um thick furnace annealed sample. The film was

prepared on a 3" platinized substrate and had a (100) orientation.
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4.6. Low-Field Data Taken with the Chip-on-Steel Design

The compressive stresses achieved when using a complete 37 substrate in the
uniform pressure rig did not exceed -40 MPa. Because the residual stress on the PZT
films is approximately 100 MPa (sec. 4.2), an alternative mechanical design was
employed (referred to as the chip-on-steel configuration) to achieve the mechanical stress
needed to relieve residual tension on the film.VLow—field compression experiments were
conducted on PZT films having compositions of 56/44, 52/48, and 46/54. Applied strains
were measured in sifu using resistance strain gauges mounted at the center of the PZT
coated chips. Test capacitors were located less than 5 mm from the measurement grids
and maximum strains were found to approach -800 pstrain on all samples tested. The
applied stresses were calculated assuming an equibiaxial condition and were determined
to be about -115 MPa.

The low-field response of a 1 pm thick 52/48 sol-gel film was measured in both
the poled (1.e. taken through a polarization hysteresis loop) and unpoled condition and the
results are given in Figure 4.17. Both samples were well aged prior to testing. Each data
point was taken I minute after the desired rig pressure was achieved. The prestressed
capacitance values corresponded to dielectric constants of ~1100 for the unpoled sample
and ~1200 for the poled sample. With an increase of compressive strain, the capacitance
of both the poled and unpoled samples increased to values about 3% and 6% greater than
the as-deposited values. Upon release of the applied strain, the capacitance decreased and
returned to values comparable with the prestressed value. It should be noted that there are

data points 1n the plot, at zero applied pressure, that are associated with tensile strains.
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The tensile strains are residual loads which are believed to have resulted from a small
amount of mechanical creep in the epoxy adhesive. The residual strains are small

however, and did not adversely affect the test.
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Figure 4.17. The change of capacitance for a 1 pm thick 52/48 PZT chip as a function of applied

compressive strain and poling condition.

The low-field compressive stress response was also monitored for a number of
compositions on either side of the morphotropic phase boundary. Figures 4.18 and 4.19
show the data collected from both the 56/44 and 48/52 compositions. The starting
dielectric constants for the unpoled films were ~1100 for the 56/44 sample and ~1250 for
the 48/52 chip. Trends for both compositions are similar to those observed in the
experiments conducted on both the morphotropic phase boundary samples and the 60/40
and 40/60 films, i.e. with an increase of compressive strain the dielectric constant

increases. The curves show a small amount of hysteresis, however the changes induced
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are reversible and capacitance values return to their original magnitudes after release of
the applied stress. In general, over the stress range investigated the changes observed
were less than 6% and the unpoled samples displayed a greater sensitivity to compressive

stress than did the poled materials.
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Figure 4.18. The change of capacitance for 1.2 um (111} oriented 56/44 (rhombohedral) PZT as a

function of the magnitude of the compressive strain and poling condition.
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Figure 4.19. The change of capacitance for a 1.2 um thick {111) oriented 48/52 (tetragonal) PZT

as a function of the magnitude of the compressive strain and poling condition.

4.6.1. The Effects of Biaxial Stress on Dielectric Loss

The dielectric loss was monitored simultaneously (with capacitance} for all low-
field experiments conducted. Results from applied tension experiments showed only a
weak sénsitivity of tan & to applied stress with the dielectric loss found to increase by less
than 20% of its initial value for a stress on the order of 100 MPa. Data from the chip-on-
steel tests showed that for similar applied compressive stress (-115 MPa) tan § increased
(reproducibly) by approximately 20-25%. Changes produced were largely reversible and
returned to the prestressed value after unloading. The loss data collected from the low-
field experiments (chip-on-steel) shown in Figures 4.17 to 4.19 is tabulated in Table 4.2

and presented as a function of composition and poling condition. It should be noted that
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the loss data was collected 1 minute after the desired cavity pressure was achieved.
Fluctuations of +0.1% in the loss measurements were not uncommon (e.g. tan 6 = 2% +

0.1%) and in general the changes of tan § were about 20%.

TABLE 4.2, The Change of Dielectric Loss with Respect to the Unstressed Value for an Applied
Compressive Stress of -115 MPa. The Data were Collected from Chip-con-Steel Experiments.

Sample Composition Change of tan 8, Unpoled Change of tan 8, Poled
52/48 +22% +23%
56/44 : +24% : +13%
48/52. +28% +25%

4.6.2. The Effects of Crystallographic Orientation on the Low-Field Compressive Stress

Response

The effect of érystallographic orientation on the biaxial compressive response was
investigated using the chip-on-steel procedure, since texture was one of the factors
identified as a reason for the somewhat anomalous behavior of the thick furnace annealed
films under applied tension. Therefore, to evaluate the effect of texture on the
compressive stress response, a 1.2 um thick 52/48 RTA’d filim was prepared with a strong
(100) orientation on (100) oriented Pt coated silicon [87]. The grain size of the film was

between the (111) RTA’d films (0.01 pum to 0.5 wm) and the (100) FA samples (0.5 to 0.6

um). The compressive response is shown in Figure 4.20 and indicates that when the film

is unpoled the material behaves as did the other samples tested, i.e. increasing stress

increased the capacitance by about 2% and tan 8 by 23%. When the film was poled
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however, the direction of the response changed and the capacitance was found to
decrease by about 2% with compressive strain (tan & still increased 6%). The poled
response is in contrast to that of the (111) textured films which showed an increase of
capacitance regardless of poling condition. The discrepancy between the two behaviors
suggests that the mechanisms responsible for the low-field stress response of PZT films

are to some degree dependent on the orientation of the material.
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Figure 4.20. The change of capacitance for a 1.2 pum thick (100) 52/48 PZT as a function of the

magnitude of the compressive strain and poling condition.

4.7. The Effects of Biaxial Stress on the High-Field Characteristics of PZT Thin Films

Changes in the polarization-electric field hysteresis loop were measured for test
capacitors subjected to applied biaxial stresses with magnitudes in excess of 100 MPa.

The tensile data reported were taken from cormplete 3” substrates while compressive data
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were taken from the chip-on-steel experiments. Both tensile and compressive
experiments were conducted as a function of air pressure in the uniform pressure rig and
the applied stress inferred from separate strain gauge measurements (e.g. Figures 4.1 and

4.4).

4.7.1. The Effects of Applied Tension on the High-Field Characteristics of PZT Thin

Films

Figure 4.21 is an example of a tensile stress response as measured for a 0.6 um
thick 52/48 sample with a (111) orientation. The film was subjected to maximum
voltages of 20V (330 kV/cm) and the applied stresses were about 115 MPa. At the
maximum tensile stress, the remanent polarization decreased 15% while the coercive
field remained nearly unchanged at about 55 kV/cm. Figure 4.22 shows the tensile stress
response for a 5.0 um thick 52/48 film with a (100) orientation (sec. 3.2.2). The response
shown is similar to the thinner 0.6 pum film with a change of P, of about 23%. The
coercive field of the thicker film was also insensitive to applied stress and was measured

at about 25 kV/cm for both the stressed and unstressed conditions.
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Figure 4.21. Gomparison of the stressed and as-deposited polarization hysteresis loops of a 0.6
um thick 52/48 PZT film. The average remanent polarization of the as-deposited film was 21

pC/cm® and the average coercive field was 55 kV/cm.
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Figure 4.22, Comparison of the stressed and as-deposited polarization hysteresis loops of a 5.0

pm thick 52/48 PZT film prepared with a (100) orientation using a conventional furnace annealing

procedure (sec. 3.2.2). The average remanent polarization of the as-deposited fiim was 23

uC/cm’ and the average coercive field was 26 kV/cm.
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4.7.2. The Effects of Applied Compression on the High-Field Characteristics of PZT

Thin Films

Compressive data were taken from the chip-on-steel experiments. As described in
sec. 4.4. the largest strains for the chip-on-steel studies were produced during the first
pressure cycle as the steel dome was forced inside out. The plot in Figure 4.23 illustrates
the effect of that stress on the polarization hysteresis loop of a 1 pm thick 52/48 test chip.

The maximum stress on the chip was approximately —130 MPa. For this stress level, the

polarization of the film increased reversibly by about 25%.

80

Polarization (uC/cmz)

***** As-Deposited

_ 5 | | —-130 MPa

-270 -180 -90 0 80 180 270
Electric Field (kV/em)

Figure 4.23. A comparison of the compressively stressed and as-deposited polarization
hysteresis loops for a 1.0 um thick {(111) oriented 52/48 sol-gel PZT film. The average remanent

polarization for the unstressed film was 23 uC/cm’® and the average coercive field was 34 kV/cm.



94

Inspection of the plot in Figure 4.23 also indicates that the coercive field of the
material increased slightly (by about 6%) with increasing compressive strain. High-field
data taken from other samples with different compositions and orientations showed a
similar response. This behavior is shown clearly in Figure 4.24, where the average
coercive field (i.e. average of +E; and -E.) and the average remanent polarization (i.e.
average of +P; and -P;) of the 1 um thick 52/48 film were plotted as a function of applied
gas pressure. The results bear a strong resemblance to the form of the stfain curve given
in Figure 4.3. As indicated, the average of both quantities increases with increasing stress
up to some maximum value at pressures of about 415 kPa. For points beyond that
pressure, the values decreased a small amount. The maximum increase of both the

coercive field and remanent polarization were calculated to be 6% for E. and 24% for P..
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Figure 4.24. The variation of the average coercive field and average remanent polarization with
the application of compressive strain, Data were taken from the first pressure cycle in the chip-on-

steel experiments.
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The effects of microstructural texture on the high-field compression responée
were investigated via the characterization of a (100) oriented 1.2 pm thick 52/48 sample.
The plot in Figure 4.25 shows the change in the polarization hysteresis loop in TeSponse
to an applied compressive stress of about 115 MPa. The changes produced in the P-E
loop were reversible. Data in the plot show the average remanent polarization of the film
increased by 23% while the coercive field was raised 9%. The magnitudes of both
changes are consistent with the data taken from (111) samples of comparable thickness

(Figure 4.21), which suggests that the high-field stress response is insemsitive to

microstructural texture.
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Figure 4.25. A comparison of the compressively stressed and as-deposited polarization
hysteresis loops for a (100) oriented 1.2 um thick 52/48 sol-gel PZT film. The average remanent

polarization for the unstressed film was 18 uC/cm® and the average coercive field was 31 kV/cm.

The high-field stress response of films with 56/44 and 48/52 compositions was

also measured when subjected to -115 MPa of applied compression. The results are given
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in Figures 4.26 and 4.27 and illustrate behavior similar to that of the 52/48 samples, 1.e.
the compressive stress increased both the remanent polarization and coercive field
strengths of the films. The changes of P, were 20% for the thombobhedral film and 17%
for the tetragonal film, while the changes of E. were 4% for the thombohedral and 8% for
the tetragonél. The effects produced were reversible and with release of the applied stress

the P-E loops returned to their unstressed shapes.
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Figure 4.26. A comparison of the compressively stressed and as-deposited polarization

hysteresis loops for a 1.2 pm thick 56/44 (rhombohedral) sol-gel PZT film. The average remanent

polarization for the unstressed film was 23 pC/cm’® and the average coercive field was 31 kV/cm.
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Figure 4.27. A comparison of the compressively stressed and as-deposited polarization
hysteresis loops for a 1.2 pum thick 48/52 (tetragonal) sol-gel PZT film. The average remanent

polarization for the unstressed film was 24 uC/em® and the average coercive field was 34 kV/cm.

4.8. Discussion of The Biaxial Stress Response of PZT Thin Films

4.8.1. Low-Field Biaxial Stress Response of PZT Thin Films

The low-field stress response of the PZT films tested contrasts strongly with the
results of earlier experiments on bulk PZT ceramics [51, 57]. For bulk ceramics, two-
dimensional pressures of similar magnitude to those used here, when applied
perpendicular to the poling direction reduced the dielectric constant by about 20 and 40%
for PZT-4 and PZT-5, respectively. The response was caused by non-180° domain wall

motion whereby the ferroelectric domains oriented neatly parallel to the applied stress
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reorient so that the spontaneous polarization is directed more perpendicular to the
direction of the load. The relative perrhittivity of the material was then decreased as a

result of the anisotropy in the material’s dielectric constant (€1, > €33 [35]). The decrease

in the dielectric constant was coupled with a 30-50% increase of the dielectric loss which
was associated with the motion of domain walls. On unloading, the hard PZT-4
permittivity recovered substantially due to realignment of the polar vector by the internal
field associated with defect dipoles, while the soft PZT-5 showed large irreversibility due
" to mechanical depoling. The small changes seen in the thin film dielectric properties,
coupled with the reversible nature of the stress experiments suggest that it is difficult to
reorient domains ferroelastically in the PZT films studied here. This n turn suggests non-
180° domain walls will contribute little to the thin film properties over the stress range
studied.
For comparison, the results of Brown on ceramic PZT [51] are illustrated in
Figure 4.28 together with the results from the (111) 52/48 sol-gel films presented here. It
is clear from the plot that the dielectric constant of the bulk ceramics is much more °
sensitive to mechanical load and that the magnitude and direction of the response of the
two forms of PZT (bulk and thin film) are much different. For an applied biaxial stress of
-100 MPa (i.e. sum of the principal stresses is -200 MPa)} the capacitance of the unpoled
52/48 film showed an increase of about 6% while the poled sample increased by less than

3%. In contrast, the dielectric constant of both the hard and soft ceramics decreased

between 20 and 40% and displayed some degree of irreversibility in both cases.
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Figure 4.28. Caomparison of bulk ceramic and thin film low-field stress response.

In addition to the obvious differences in the stress response of the dielectric
constant (Figure 4.28), the stress dependence of the thin film dielectric loss data is

inconsistent with non-180° domain wall motion. In particular, the fact that tan § increases

with both tension and compression weighs against the activation of ferroelastic dorﬁain
walls. Had domain wall motion been induced by the applied stress, tensile stress would
have further clamped extrinsic contributions and reduced loss, while applied compressive
stress should have increased extrinsic effects via relief of the residual tension and thus

raised tan &.
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4.8.2. High-Field Biaxial Stress Response of PZT Thin Films

Results of the low-field experiments indicate that extrinsic contributions are
limited in the films tested. This conclusion is supported by the high-field stress data. In
particular, if ferroelastic reorientation was important, then an applied tensile biaxial stress
would tend to increase the coercive field, while a compressive stréss should decrease it
somewhat. This was not observed in any of the thin film experiments.

It is proposed that the effects brought about in response to the applied stress were
the result of the relative motion of the positions of the polarization vectors with respect to
the film’s surface. Domains which were oriented with positions less than 90° to the
surface normal were elastically deformed in response to the applied stress. The
polarization vectors were thus moved to positions closer to parallel with the substrate
under applied tension, and closer to perpendicular with applied compression. The normal
component of the polarization for each domain was thus either increased or reduced a

small amount.

4.9. Consideration of the Mechanisms of the Thin Film Biaxial Stress Response

Because the ferroelastic response (i.e. reorientation of non-180° domains in
response to applied stress) of the films tested appears to be limited, it is interesting to
consider the mechanism(s) which governs the stress-dependence of the dielectric and
ferroelectric properties. Consideration of the previous work on bulk ceramics suggests
that were domain reorientation the active mechanism in thin films, changes in the low-

field data would be appreciably larger and in directions opposite to what is reported here
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(see Figure 4.28). That however, was not the case and to explain the data a number of
alternative mechanisms were considered.

It is known that the Curie point of barium titanate is sensitive to applied biaxial
stress [88]. This can affect the room temperature dielectric constant since an increase of

T, would decrease g; at 25°C. The idea of a shift of the Curie point would be consistent

with the capacitance data given here if the shift is brought about as a result of the increase
or decrease of the volume of the PZT unit cell. Tuttle’s stress transformation model [46]
indicates that PZT films deposited on silicon substrates are predominately a-domain
oriented (i.e. c-axis of the unit cell closer to parallel to the substrate). When
compressively stressed therefore, the volume of the a-oriented domains decreases, T,
shifts downward, and the dielectric constant of the film increases. Conversely, if the films
were loaded in tension, the volume of unit cells would increase, T. would shift upwards,
and the dielectric constant would decrease.

Although the majority of the low-field data are consistent with a volume induced
change of T, (for predominantly a-domain films) the prediction of the effects of the
applied stress on the Curie point is a complex problem. It is therefore difficult to assign
the changes of the capacitance to a shift of the Curie point and in fact, capacitance versus
temperature measurements on a number of 52/48 films showed little shift in T, [89]. In
addition, the dielectric loss should decrease and the coercive field would be expected to
increase with an increase of T, (and vice versa as T. drops). The data collected however,
indicate that the dielectric loss increases regardless of the sign of the stress and the
change of the coercive field is increased with compressive stress (which is inconsistent

with a decrease of T.). That observation, together the lack of a substantial observed T,
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shift, suggests that a stress-induced shift of the Curie point is not the predominant stress
response mechanism in sol-gel PZT films.

The second possibility considered to explain the low-field stress response was the
elastic deformation of the Pt/PZT/Pt test capacitor. As the films were stressed and the
dimensions of the capacitor changed, the capacitance would rise or fall to reflect the
alteration of the capacitor’s geometry. However, a tensile stress would reduce the
thickness of the films and increase the surface area (thereby increasing capacitance and
not decreasing it) which is inconsistent with the empirical observations. Furthermore,
given the similarity in the response for tetragonal, rhombohedral, and MPB films, it is
clear that a residual stress induced shift in the morphotropic phase boundary is also not
responsible. Therefore, the mechanism(s) respoﬁsible for changes in the dielectric
characteristics are still unclear and more work is needed to identify the source of the

biaxial stress response.

4,10. Possible Reasons for the Limited Extrinsic Response of PZT Thin Films

The discussion has, to this point, focused o.n the evidence presented which
suggests that extrinsic contributions are limited in PZT thin films. There is, in addition to
this investigation, substantial evidence which supports that conclusion in the form of
high-field X-ray diffraction measurements [90] and piezoelectric characterization [3]. In
addition, biaxial stress experirﬁents have been conducted as a function of both film
thickness and orientation (secs. 4.5.3 and 4.6.2) and the results collected are consistent
from sample to sample, i.e. small reversible changes in both the low and high-field

characteristics. That consistency suggests that the limited domain wall motion in PZT
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films is not the result of residual stress, texture, or thickness and the lack of extrinsic
contributions results from some other mechanism.

Substantial work, both experimental and theoretical [91, 92], has been conducted
on grain‘r size effects in bulk ferroelectrics. The results indicate changes in the domain
structure and limitations to the extrinsic contributions as the grain size of the PZT
Cceramics is dec_reése_d below 1 pm. Since the grain sizes of the PZT films tested typically
range from 0.01 to 0.5 pum, it is possible that the limited extrinsic contributions in films
could be the result of the submicron grain sizes of the materials. The idea is supported by
the work of Eatough et al. [90], who studied the fe__rr_oelgctric switching behavior of PZT
thin films with the aid of an X-ray micro-diffractometer. Results from that work showed,
via diffraction patterns from tetragonal (40/60 and 30/70) films, that for grain sizes less
than 1 um (similar to the samples tested here) switching was considerably less than for
f1lmsw1thgrams __Sigc_s_bqﬁwgqg 1 and 2 pm, There is therefore, evidence Whi(;h suggests
that the limited extrinsic contributions in sol-gel PZT films are related to the submicron
grain structure of the material and not the global residual stress state of the film.

It should be noted, that in addition to the submicron grain sizes of the films,
possible mechanisms for the reduction in non-180° domain wall motion include; (1) a
limited concentration of non-180° domain walls as is commonly associated with
decreasing particle size in perovskite ferroelectrics [91], (2) pinning of the existing non-
180° domain walls by local rather than global stresses, e.g. the film/substrate interface,
and (3) decreases in the wall mobility due to interaction with point defects such as ]Pﬁd,

and oxygen vacancies. The latter are known to form the defect dipoles which are
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responsible for domain pinning in hard PZT ceramics [93] and have been linked to

problems such as imprint and fatigue in PZT thin films [94].
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5. The Wafer Flexure Method for the Determination of the Transverse Piezoelectric

Coefficient (d3;) of PZT Thin Films

5.1. Introduction

The deﬁosition and characterization of piezoelectric films has been actively
pursued for over thirty years [19]. Early attempts at characterization relied not upon the
specific calculation of the coefficient of interest (e.g. di3 or di;) but rather the
identification of piezoelectric activity via the generation and detection of an ultrasonic
signal. Detection of the signal was considered enough to classify the film as piezoelectric.
In recent years, considerable advances have been made in the area of piezoelectric film

characterization. Laser beam interferometry is pethaps the most well developed method

T
7

and has made a significant contribution to the characterization of both the transverse (da;)
and longitudinal (ds3) coefficients of piezoelectric thin films [3, 4]. The technique has
drawbacks however, the most notable of which are its expense and complexity. In
contrast, the wafer flexure technique is a simple, inexpensive method which was
developed to characterize the transverse (ds;) coefficient of PZT thin films. The chapter
which follows will present data from experiments aimeci at both the basic piezoelectric

characterization of PZT thin films and the validation of the wafer tlexure method.
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5.2. Validation of the Mechanical Plate Theory

The success of the wafer flexure technique requires that the user accurately
calculate the mechanical stresses applied to the film. The models used are based upon
classical plate theory to first calculate the stresses applied to the silicon substrate (sec.
3.5.2). The stress on the film is then determined by assuming conservation of strain
across the film/substrate interface and writing generalized Hooke’s law for both the film
and substrate. The set of equations obtained are then solved for the stresses applied to the
PZT and used together with the measured charge (in response to that stress) to calculate
the film’s ds; coefficient (eq. 3.3, sec. 3.5).

The electric charge produﬂ.ced is measured experimentally, as are the pressure and
the dimensions of the test rig. The accurécy of the d3; measurements is then dependent
upon the validity of the stress analysis used. As was shown by the strain gauge
expelriments in the investigatigp of biaxial stress effects (chapter 4), the mechanical
behavior of a PZT coated wafer deviates a significant amount from that predicted by the
classical theory (for large applied pressures). For that reason, the stress analysis used in
the determination of the ds; coefficient was validated by a comparison with measured
strain data for the small amplitude oscillations used in the piezoelectric characterization.

Experiments vsI/ere conducted in which 120Q resistance strain gauges were fixed to
the center of PZT coated silicon wafers. The wafers were placed in the uniform pressure
rig, clamped under 2.5 in-lbs of torque, and the audio speaker started. The gauges were
shunt calibrated with the value of 1 pstrain (i.e. strain x 10) set equal to 1 mV of output.

The signal from the strain conditioner was then output to the lock-in amplifier which
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displayed the rms voltage from the strain gauge as the pressure in the rig oscillated. In a
similar fashion, the cavity pressure was measured from the transducer on the rig housing
and used to calculate the strain on the film (from the plate theory). For the calibration
experiments, the pressure oscillation was adjusted via the drive voltage on the audio
speaker. The drive voltage was set using the reference signal from the lock-in amplifier to

values which ranged from 0.2 to 0.8 V,, at frequencies of 4 or 5 Hz.

-5.2.1. Strains Measurements Made on 3” Substrates

The strain response at the center of a (100) silicon wafer is plotted together with
that predicted from plate theory %n Figures 5.1 and 5.2. The data were collected for both
the prototype and modified uniform pressure rigs. The differences between the two, for
the purposes of this discussion, are related to the clamping conditions produced by the
different rigs. For the prototype design, the aluminum seats between which the wafers are
clamped were removable anfl“"whad been polished to a 5 um finish.* In contrast, the
modified rig was not designed' with removable clamps and the recesses in which the
wafers were placed retain_ed their as-fabricated finish. Theoretical strain calculations were
made for a uniformly loaded clamped circular plate using the average values of Young’s
modulus and Poisson’s ratio for (100) silicon (justification for this 18 given in sec. 5.2.3).
Pressures in both rigs were measured at about 0.1 kPa at a drive of 0.2 V and about 0.3

kPa at a drive of 0.8 V.

* The surfaces were polished originally to improve the pressure seal in the rig and to reduce the risk of
sample fracture. Although an air tight chamber was not needed, the polished wafer clamps proved to be
beneficial from the standpoint of meeting the criteria of the stress models.
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Figure 5.1. The comparison of experimental and theoretical strains at the center of a 3" silicon

wafer. Data were collected from the prototype rig.
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Figure 5.2. The comparison of experimental and theoretical strains at the center of a 3" silicon

wafer. Data were collected from the modified rig.



The plots in Figures 5.1 and 5.2 show that data collected from the prototype rig

are within 1% of theory while the data collected from the modified rig exceed the
calculations for a fully clamped plate by 26%. The differences between the two
configurations are probably related to the differences in the surface finish and clamping
conditions of the two rigs. As stated, the surfaces of the modified rig were left as-
machined. It is expected that the resulting irregularities in the surface profiles resulted in
ineffective clamping of the substrate, which allows the wafer to flex in some mixed mode
condition (i.e. senﬁ—clamped). Conversely, effective clamping was produced
serendipitously in the prototype design. In this case, the wafer clamps were separate from
the pressure rig and retention ring. When assémbled, the polished rings were forced flat
against the wafer surface. Bec;tuse of their detachment from the rest of the rig, the
alignment of the rings was not dictated by artifacts in the rig’s manufacture, but rather the
flatness of the wafer. Consequently the data in Figure 5.1 suggest that the clamped
condition in the prototype design more closely approximated the theoretical criteria for a
uniformly loaded, clamped circular plate.

Data presented in chapter 4 indicated a significant deviation of the large
deflection behavior of coated silicon substrates from that predicted by plate theory (see
Figures 4.1 and 4.2). It was a concern therefore, that the manner in which the bare silicon
wafers responded (o the pressure oscillation (Figures 5.1 and 5.2) might differ from the
way in which a PZT coated wafer would respond. Therefore, experiments were
conducted in which the strain response of two 3” PZT coated silicon substrates were
measured while clamped in the modified pressure rig (the prototype was not used for

these tests). The experimental conditions used were the same as those for the uncoated
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wafers. The strain gauges were bonded to the center of both wafers and the samples were
clamped in the rig with 2.5 in-1bs of torque on the retention SCrews. The data collected
were taken from two 52/48 sol-gel samples 0.8 and 3.0 um thick and are given in Figures
5.3 and 5.4. Three experiments were conducted on each wafer with the subsirate removed

from the rig and relocated to a different position after every test. The data shown

represent the average of the three experiments.
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Figure 5.3. The comparison of experimental and theoretical strains (for a clamped plate) at the

center of a 0.8 um thick sol-gel PZT coated silicon wafer in the modified rig.

The strain data in Figures 5.3 and 5.4 show that the mechanical behavior of a PZT
coated substrate does not differ a sigﬁiﬁca.nt amount from that of a bare silicon wafer. In
all cases tested, flexure of the substrate yielded strains approximately 25% greater than
those predicted from lthe plate theory. Again, this is believed to be related to the seating

of the wafer i the pressure rig, so that the wafer is not effectively clamped. Thus, all data
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collected with the modified rig were corrected for that deviation by multiplying the

calculated stresses by a factor of 1.25 prior to the calculation of a film’s dj; coefficient.
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Figure 5.4. The comparison of experimental and theoretical strains (for a clamped plate) at the

center of a 3.0 um thick sol-gel PZT coated silicon wafer clamped in the modified rig.
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5.2.2. Strain Measurements Made on 4” Substrates

In addition to the characterization of 3” substrates the modified wafer flexure
device was designed with the capability to characterize films deposited on 4” wafers. In
light of the discrepancies illustrated in Figures 5.3 and 54, the deviation from thé
classical behavior of a 4” substrate was also quantified. Based on the consistency of the
3" results it was assumed that that the mechanical behavior of a PZT coated substrate
could be reasonably approximated by the results obtained with a (100) silicon wafer

coated with 0.2 um of evaporated platinum. Three experiments were conducted with the
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wafer remounted at a different location after every test. The results were then averaged
and are plotted in Figure 5.5 together with the theoretical predictions for a uniformly

loaded, clamped circular plate.
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Figure 5.5. The comparison of experimental and theoretical strains (for a clamped plate} at the

center of a 4" platinized silicon wafer when clamped in the modified rig.

It was found that the experimental strains are in excess of the theoretical values by
22%. The reason for the deviation is again thought to be ineffective clamping of the test
wafer. Data collected with the 4” rig were corrected for that deficiency by multiplying the

calculated stresses by a factor of 1.22 prior to the calculation of ds,.

5.2.3. Analysis of the Mechanical Anisotropy of the Silicon Wafer

The silicon wafers on which the PZT films are deposited are single crystal

substrates. Thus, the anisotropy of Young’s modulus and Poisson’s ratio must be
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accounted for in the stress analysis. One approach is to calculate bounding values of the
stress (and thus two values of di;) from the maximum and minimum of the in-plane
elastic properties. Data calculated in that manner are reported as a range of values
between which the correct ds; coefficient should lie. To evaluate directly the importance
of the mechanical anisotropy in the calculation of ds;, multiple strain gauges were bonded

to the same substrate along the <100> and <110> axes of a (100) silicon wafer. Any

differences in the measured strains would reflect the anisotropy of the mechanical
constants.

The anisotropy experiments utilized two strain gauges bonded 10 mm from the
center of the wafer along the <100> and <110$ crystallographic directions. The pressure
in the rig housing was changed via the oscillation of the audio speaker driven with rms
voltages between 0.2 and 0.8 V. Data were collected using a lock-in technique and are
plotted, together with the theoretical predictions for a uniformly loaded clamped circular
plate (egs. 3.4 and 3.5) as a fugg}ion of air pressure in Figure 5.6.

The plot in Figure 5.6 shows that the best fit to the empirical data for both
directions is achieved when strain is calculated based on the average of the maximum and
minimum in-plane elastic constants. Thus, explicit knowledge of the clastic properties at
the specific location of the test capacitor need not be known, and the applied stress can be

calculated using the average in-plane values of Young’s modulus and Poisson’s ratio.”

5 The question regarding the mechanical anisotropy of the silicon substrate could have been treated via the
utilization of (111) silicon rather than (100). For wafers with that orientation the Young’s modulus and
Poisson’s ratio are constant regardless of the test capacitor’s location {81]. :
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Figure 5.6. The comparison of the measured and calculated strains along the principal axes of a
(100) 3" silicon wafer. Strains were measured along the <100> and <110> crystallographic axes
10 mm from the center of the substrate. The notation used in the legend corresponds to the

values of Young’s modulus and Poisson’s ratio used in the calculations.

3.3. Transverse PiezoelectricXCharacterization with the Prototype Configuration

The prototype wafer flexure apparatus was designed to operate in a semi-AC
fashion. That meant that the pressure oscillation in the rig was made by hand (with a 60cc
syringe) and the charge produced was derived from the trace recorded on an oscilloscope.
This configuration was used to validate the measurement technique, and the results were
incorporated into an improved design that used mechanized pressure oscillation and a

lock-in charge measurement.
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5.3.1. Variation of di; over the Surface of a 3" Wafer

The di; coefficient of a 0.3 um thick 52/48 sol-gel film was monitored as a
function of position over the surface of a 3” wafer. It was expected that the transverse
coefficient of a homogenous film would be independent of radial position (on the wafer)
and the characterization of a number of different spots would therefore provide an
indirect validation of the stress analysis (since the stress does depend on radial position).
Seven different test capacitors on the surface of a 3” wafer were poled with +330 kV/cm
for 10 minutes (top electrode positive). The di; coefficient was measured after a 10
minute age and the data collected were correlated to the average remanent polarization of
the sample (calculated from +P; a;]d -P). Results were consistent from spot to spot and

are tabulated together with the sample position and remanent polarization in Table 5.1.

TABLE 5.1. The d,, Coefficients of 0.3 pm Thick 52/48 Sol-Gel Film Measured as a Function of
Radial Location on a 3" Substrate

Radius (mm) Magnitude of d31 (pC/N) Pr (avg.), pClem?2
2.4 -43 24
11.3 -40 21
11.3 -40 20
14.0 -44 20
16.4 -40 23
17.6 46 21

19.5 =36 22
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5.3.2. d3; Measured as a Function of the Excitation Stress in the Uniform Pressure Rig

The transverse piezoclectric coefficient of a 0.3 um thick 52/48 sol-gel film was
measured as a function of the excitation stress in the prototype rig over a range of 5 to 25
MPa (as measured with resistance strain gauges). The film was poled with an electric
field of +150 kV/cm for less than 1 minute and data were collected for four different
displacements of the syringe. The results from two experiments conducted on different

test capacitors are given in Figure 5.7 as a function of the applied air pressure in the rig.
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Figure 5.7. The change of the d,. coefficient as a function of excitation pressure for a 0.3 um thick
52/48 sol-gel film. The endpoint stresses applied to the film have been calculated (from

resistance strain gauge measurements} to be approximately 5 and 25 MPa.

Damjanovic et al. have shown that application of 5-7 MPa of uniaxial AC stress
leads to an increase in the piezoelectric activity (as measured by the direct longitudinal

effect) of barium titanate and PZT ceramics by about 40% {38, 39]. The enhanced
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piezoelectric coefficient was attributed to the activation of non-180° domain wall motion
in the ceramic samples. In contrast, results presented here (chapter 4) and elsewhere [90]
have shown that the amount of ferroelastic domain reorientation is modest in PZT films.
As a result of the limited extrinsic effects, the piezoelectric coefficients, when meésured
as a function of the applied excitation stress (i.e. in a manner similar to Damjanovic et
al.) should remain constant. That was in fact the case, and the results in Figure 5.7 serve

to further illustrate the limited twin wall motion in sol-gel films.

5.3.3. Resolution of the Wafer Flexure Technique

The resolution of the wafer flexure method was demonstrated with a series of
low-field poling experiments in which a film was mounted and then exposed to an
applied field of +33 kV/cm (E. = 45 kV/cm). The as-deposited sample was first poled for
150 min with the top electrode the anode, over which time the d3; value increased from -2
to -9 pC/N. After an overnight gée, the sample was poled with the same field but with the
top electrode the cathode. In the negative bias tests (i.e. the top electrode negative) ds;
decreased with poling time from an initial value of -5 pC/N (the value measured after the
overnight age) down to almost zero after poling for 200 minutes. At points beyond the
zero mark the magﬁitude of the film’s transverse coefficient increased to a maximum
value of about -3 pC/N after poling for 21 hours.

The data are plotted in Figure 5.8 with negative values of dj; listed both above
and below the x-axis (1.e. th¢ sign reversal in the net polarization has been accounted for).
When plotted this way, a logarithmic relation can be fitted to the data which better

illustrates the resolution of the technique. Five points were noted with magnitudes of less
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than 1 pC/N and their adhesion to the log relation was taken as evidence of their validity

(the curve fit had a residual of better than 0.99).
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Figure 5.8. The change of the d,, coefficient with poling time for a 0.3 um thick 52/48 sol-gel film.
The sample was poled with 33 kV/cm with the top electrode negative.

£y
e,

5.4, Measurements Made with the Modified Wafer Flexure Technigue

The prototype wafer flexure apparatus was modified to operate as an AC
technique with the addition of mechanized pressure oscillation and lock-in charge
detection (chapter 3, sec. 3.5.1). Air pressure within the rig housing is changed
periodically via the displacement of a 10" audio speaker. The charge produced in
response to the applied pressure is probed with a mercury drop electrode (sec. 3.5.1.4)
and the output is sent to the charge integrator. The voltage across the integrator’s

reference capacitor is measured with the lock-in amplifier from a comparison with the
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internal reference (which is used to drive the speaker). As described in sec. 5.4.1 changes
made to the device improve the reproducibility of the technique and increase the speed

with which films are characterized.

5.4.1. Statistical Evaluation of the Modified Wafer Flexure Rig

The confidence with which the djs; coefficients could be reported was
characterized with a number of tests designed to quantify the variability of the results.
Experiments were made on .test capacitors on both 3” and 4” diameter substrates.
Measurements were made in the modified wafer flexure rig as a function of the relative
position of the test wafers with respect to the retention ring and the rig housing. Four
positions were tested in both the 3" and 4” configurations at 12, 3, 6 and 9 o’clock around
the perimeter of the circular recess. The 3” sample was a 3 um thick 52/48 sol-gel film.
The 4”7 sample was a RF magnetron sputtered, 50/50 film and was 3.3 um thick.
Experiments with the sol-gel fﬁﬂi were conducted on four separate capacitors, three of
which were poled with +67 kV/cm (i.e. top electrode was positive) for 5 minutes, with
the fourth peled under similar conditions a number of months prior to the test. The three
freshly poled samples were aged at ambient conditions for 1 hour before the test. The
sputtered film displayed large as-deposited polarizations and therefore significant ds;
values in the as-received state (to be discussed in sec. 5.4.4). For that reason the two
capacitors tested were not poled prior to the outset of the reproducibility experiments.

The data collected from the 3” and 4” samples are tabulated in Tables 5.2 and 5.3.
The four locations at which the wafers were placed are denoted as numbers 1, 2, 3, and 4.

For both experiments there was an overlap in the testing with the wafers relocated at the
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first position after the fourth measurement. Included in the tables are the averages of the
five measurements together with the standard deviation of the sample population.

Measurements on the sol-gel films showed average ds; values to be about —52
pC/N for the recently poled samples with the well aged sample having a ds; coefficient of
—27 pC/N. The standard deviations of the four sets of measurements ranged from 6 to 8%
of the average. Characterization of the sputtered film in the 4” rig configuration showed
the average ds; values of both capacitors to be about —70 pC/N. The standard deviations
were slightly better than the 3" measurements, with values calculated to be about 5% of
the average.

The reproducibility data given in Tables 5.2 and 5.3 indicate that the wafer
flexure method is a reliable method for the transverse piezoelectric characterization of
PZT thin films. The data have standard deviations under 10%, with slightly better results
obtained from the 4” configuration. The residual uncertainty is thought to be related to
variations in the placement of the wafer, which lead to inconsistencies in the test to test

£y
Total,

capacitor position and changed the manner in which the substrate bent (sec. 5.2).
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TABLE 5.2. The Variation of the d., Coefficient for a 3 um Thick 52/48 Sol-Gel Film in the
Modified 3" Configuration

Location Number Capacitor #1 Capacitor #2 Capacitor #3 Capacitor #4
d,, (PC/N) d,, (PC/N) d,, (PC/N) d, (PC/N)

1 -53 -57 -53 -26

2 -50 -47 -50 -26

3 -51 -49 -54 : -30

4 -58 -53 -57 -29

1 -53 -51 -48 -26

Average -53 -52 -52 -27
Standard Deviation 6% 8% 7% 7%

TABLE 5.3. The Variation of the d,, Coefficient for a 3.3 um Thick 50/50 RF Sputtered Film in the
Modified 4” Configuration

Location Number Capacitor #1 Capacitor #2
d,, (PC/N) d,, (PC/N)

1 -68 -66

2 -76 -65

3 =75 -62

4 -76 -67

1 -70 -68

Average -73 -66
Standard Deviation 5% 4%

5.4.2. The Variation of the Transverse Piezoclectric Response as a Function of Radial

Location

The ds; coefficient of an as-deposited film was measured across the surface of a
3” wafer. A shadow mask was used to place 1.5 mm diameter electrodes at 3.6 mm
intervals along the <100> and <110> axes of the substrate. The piezoelectric charge
produced in response to a constant pressure oscillation was then measured at known

locations across the face of the substrate. Assuming that the ds; coefficient is constant
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over the surface of the wafer then a relation between the variation of the applied
theoretical stress and the piezoelectric charge can be derived which gives an indication of
the validity of the stress analysis. If da; at the centerpoint (c) of the wafer is expressed in

terms of the dielectric displacement D5 and the sum of the applied stresses 6; and G as:

D ¢ (5.1)
dy = :
C, +0,
and the ds; coefficient at a position (r) removed from the center is described as:
D, Y (5.2)
dj, = 2
G, t+0,

then egs. 5.1 and 5.2 can be set equal, which yields:

D;_(o+0,f (5-3)

‘-‘ D; (01 + G, )C

From eq. 5.3 it is clear the ratio of the electric -charge produced is simply the ratio
of the sum of the principal stresses (if ds; is constant). The measured normalized charge
data should then scale with radius in the same manner as the sum of the theoretical plate
stresses.

The plot shown in Figure 5.9. illustrates the variation of the piezoelectric charge
as a function of radial location. The sample measured was an unpoled sol-gel film 3 pm
thick with a 52/48 composition. Because the as-deposited films have small spontaneous
polarizations (dy; coefficients as-deposited are typically -3 to -5 pC/N) measurements

made in the unpoled condition eliminated errors associated with variations of poling
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conditions or differences in aging behavior. Data in the plot has been normalized to the
charge produced at the center electrode (i.e. the maximum charge) and is compared to
variation in the theoretical stress predicted for a uniformly loaded clamped circular plate.
The agreement is quite gdod near the center of the plate, with some deviation noted

towards the edges of the wafer.

1.50 Prediction from Plate Theory
o ' LT ¢ Normalized Piezoelectric Charge
-+ L i
o C ; ; -
3 L
=9 1.00
Ewm i
z2 !
S E 050
58 |
[ L : : : ]
52 ool U T T\
.Eg’ o T T
+ [ » | | ‘ ]
22 : : | | | -
bl L
N
2 N : ; : i i 1
= ‘!00"'¥|

3.0 20 -10 00 1.0 2.0 3.0
Radius {em)

Ty
T

Figure 5.9. The variation of theoretical plate stress and empirical charge normalized to their

respective values at the center of the 3" substrate.

5.4.3. The Influence of Film Thickness on the Magnitude of the dy; Coefficient of 52/48

Sol-Gel PZT Thin Films

Four RTA’d sol-gel films with thicknesses of 0.6 to 2.5 um were characterized in
terms of their ds; coefficients as a function of both poling direction and poling time. The

poling fields used for the experiments were taken to be three times the coercive field of
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the capacitor tested (where E, was calculated from the average of the tE.’s reported
during the P-E measurements). The sample to be measured was then poled for increasing
lengths of time, up to 31 minutes, at this field level. For each experiment a virgin

electrode was used. The results from the experiments with the top electrode made

positive are given in Figure 5.10 and with the top electrode made negative are given in

Figure 5.11.

The data in Figures 5.10 and 5.11 show that the piezoelectric coefficient of all

films tested increases in a logarithmic fashion with poling time. For all samples measured

the piezoelectric coefficients were largely saturated after poling for 16 minutes. The data

from each sample were thus taken for that poling time and the results plotted in Figure

5.12 to indicate the change of d3; with film thickness.
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Figure 5.1C. The variation of d,, as a function of film thickness and poling time with the top
electrode positive. Films tested had 52/48 compositions and were poled with fields equal to three

times the coercive field of the film.
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Figure 5.11. The variation of d,, as a function of film thickness and poling time with the top
electrode negative. Films tested had 52/48 compositions and were poled with fields equal to three

times the coercive field of the film.
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Figure 5.12. The variation of the d,, coefficient with an increase of film thickness. Measurements
were made after poling the films, with the top electrode either positive or negative, for 16 minutes

at three times their coercive field.
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The data from Figure 5.12 indicates that with an increase of film thickness from

0.6 to 2.5 um the ds; coefficient was increased from —40 to ~50 pC/N. Because extrinsic
contributions are limited in the films tested (chapter 4) and their remanent polarizations
- are comparable as shown in Figure 5.13, the source of the 25% increase is believed to be

due to an increase in the dielectric constant with thickness.
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Figure 5.13. A comparison of the polarization hysteresis loops produced by 0.6 um and 2.5 pm
thick 52/48 sol-gel films.

It was found that the dielectric constants of the films increased from 900 (0.6 pm
film) to 1050 (2.5 pm film). If the twin wall motion in the films is restricted to the point
where the piezoelectric behavior can be approximated on the basis of phenomenological

theory, then the dj; coefficient can be written as [37, 95]:

d31 = 283380Q12Pr (5.4)
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where Qy is the electrostriction coefficient, €43 is the relative dielectric constant, &, is the
permittivity of free space, and P, is the net polarization on the film. Consideration of eq.
5.4 shows that the ratio of the dy; coefficients is, because all other terms are constant, just
the ratio of the values of £33. Thus the d; coefficient of the 2.5 wm film should be about
17% greater than the 0.6 pun film. The remaining 8% difference could be related to a
combination of effects. Work in a later section (sec. 5.5) shows that the thinner films age
faster than the thicker films, which would lead to a smaller measured ds; coefficient (for
the 0.6 um film) after the one minute age. In addition, the electrical characteristics of a
specific film will change from spot to spot, and the measurement technique itself has a

small amount of variability (sec. 5.4.1).

5.4.4. Characterization of the ds; Coefficients of 50/50 RF Magnetron Sputtered PZT
Thin Films

Initial measurements 0; Ele sputtered films were presented in sec. 5.4.1, where the
strong as-deposited polarization of the films was demonstrated. The as-deposited films
had ds; coefficients of about —70 pC/N. Results preéentecl here are given as a function
poling time and direction. The ds; coefficients were calculated from data collected after
- poling the film with £60 kV/cm for times of 1 to 61 minutes. The magnitude of the poling
field was selected based on experiments which showed that larger fields began to
delaminate the top electrode. The data are presented as a function of poling time in Figure
5.14 with both the top and bottom halves of the y-axis made negative for clarity. The
change in the d3; coefficient shows the expected logarithmic relation for both poling

directions but the magnitude of the slopes show a strong contrast.
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Figure 5.14. The change of the d,, coefficient of a 3.3 um thick 50/50 sputtered film with poling
time. The data show a strong sensitivity to poling direction. As-deposited values of d,, were

measured at about —70 pC/N.

The data collected from the sputtered film illustrate a number of striking results.
The first is the large value of tlli;idg; coefficient in the as-deposited films. ds; values were
on the order of =70 pC/N which were increased with poling to values which approached
-85 pC/N. Those numbers are themselves encouraging because they represent some of
the largest ds; values reported fof polycrystalline PZT films (see Table 2.3 in sec. 2.9.3).
Furthermore, there is significant asymmetry in the ds; coefficient as a function of the
pbling direction. When poled with the top clectrode negative, the ds; increased by about
20% for poling times of 60 minutes. In contrast, poling the sample in the opposite
direction changed the ds; coefficient by a factor of two.

The reason for the large as-deposited ds; and the strong asymmetry in the poling

behavior is probably related to an internal electric field in the film. The existence of
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internal bias fields have been well documented for PZT ceramics [96] and thin films [97]
and their presence is usually manifested as a shift in the polarization hysteresis loop or an
asymmetry in the current voltage (I-V) curve. The P-E loop for the 50/50 film is given in
Figure 5.15. Inspection of the positive and negaﬁve coercive fields indicates that the shift
of the P-E loop is 15 kV/cm, which is assumed to be equal to the film’s internal field. It 1s
expected that the bias field poles the material as it cools from its deposition temperature
(600°C) which leads to a large as-deposited polarization and an appreciable piezoelectric
effect. The subsequent application of a poling field in excess of, and in a direction
parallel to, the internal bias yields only minimal gains in the di; coefficient. The
application of a field in a direction antiparallel to the internal field however, results in
appreciable changes of the as-deposited polarization and therefore, the film’s ds;
coefficient. There is also the possibility that the preferred polarization direction is the
result of a strain gradjent in the film, though given the distance between the film and the
neutral axis of the filmfsubsg?.te system, a large strain gradient seems unlikely. For
simplicity therefore, the mechariii=sm responsible for the shift in the hysteresis loop will be
described as an internal field.

The effect of the preferred polarization direction is illustrated most clearly in
Figure 5.16, which plots the response of both a 3 um 52/48 sol-gel film and the 50/50
sputtered film as a function of poling time. The data in the plot illustrate the strong
contrast between the poling behavior of the two materials which is believed to result from

the relative magnitude of the film’s internal bias fields.
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Figure 5.15. The polarization hysteresis loop for a ~3 pm thick 50/50 RF sputtered PZT film. The

plot shows the average remanent polarization of the film is 41 nC/cm’ and the average coercive

field is 70 kV/cm. The internal bias field is calculated from the offset on the field axis to be 15

kv/cm.
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Figure 5.16. The normalized d,, coefficients as a function of poling time. Data for both a 3 um sol-

gel film and a 3.3 um sputtered film.
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The internal bias of the sputtered film was calculated to be about 15 kV/cm,
which is an order of magnitude larger than the ~1 to 2 kV/cm bias on the sol-gel films.
The large internal field in the sputtered films poles the material almost completely as the
material is cooled through T.. The sputtered films therefore, dispiay only small gains
when poled in a direction parallel to the internal bias and show large changes when poled
in a direction antiparallel. In contrast, the internal fields of the sol-gel films are much
lower (than the sputtered films). The net polarization produced in either direction is

therefore comparable and the response produced is symmetric.

5.5. Aging Behavior of the Transverse (ds;) Piezoelectric Coefficient

The aging rates of the transverse piezoelectric coefficients for both sol-gel and
sputtered PZT films were measured using the wafer flexure technique. The di;
coefficients were monitored at regular intervals after poling and their decay plotted
versus the logarithm of time. The aging rate of the material was then calculated from a

logarithmic relation fit to the empirical data.

5.5.1. Aging Work with the Prototype Wafer Flexure Rig

Initial studies on the aging behavior of the da; coefficient were carried out using
the prototype rig with manual pressure oscillation. Results were collected from a number
of 52/48 sol-gel films with submicron thicknesses. Data indicate that the aging rates were
in considerable excess of the 1 to 3% per decade which has‘ been reported for PZT

ceramics [98]. The plot in Figure 5.17 shows the data from a 0.3 pm thick sample poled
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with a field of 4330 kV/cm for times of 1 and 60 minutes. The initial ds; coefficients
were measured at between -42 and -51 pC/N which decayed to about -30 and -38 pC/N
after aging times of about 7 days. The data from Figure 5.17 are normalized to their
starting values and replotted in Figure 5.18. The curves produced are identical and
indicate that the aging rate of this particular film is independent of poling time at 10% per

decade.
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Figure 5.17. The aging behavior of the d,, coefficient for a 0.3 um thick sol-gel 52/48 PZT thin
film.
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Figure 5.18. The normalized aging behavior of the data shown in Figure 5.17.

5.5.2. Aging Work with the Modified Wafer Flexure Rig

The effect of film t]{igkness on the aging rates of the di; coefficients was
measured in the modified wafer flexure rig. Data were collected at times of 1 to 60
minutes after the poling field was removed. Experiments were conducted with sol-gel
* films poled in either direction at room temperature with fields equal to three times their
coercive field strength. Poling times for the experiments conducted were either 1 or 2
minutes. Figures 5.19 and 5.20 give the aging data from the experiments conducted with
the fop electrode made either positive or ncgative‘. The rates for all experiments are

tabulated from the slopes of the fitted logarithmic curves and are given in Table 5.4.
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Figure 5.12. The aging of the d,, cosfficient for four sol-gel films ranging in thickness from 0.6 to
2.5 um. Samples were all poled with three times the coercive field for 1 minute with the top

electrode positive.
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Figure 5.20. The aging of the d,, coefficient for four sol-gel fitms ranging in thickness from 0.6 to
2.5 um. Samples were all poled with three times the coercive field for 1 minute with the top

electrode negative.
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TABLE 5.4. Aging Rates {percent per decade) of the d,, Coefficient of 52/48 Sol-Gel PZT Thin

Films
Film Thickness (um) Poling time: 1 min. Poling time: 1 min. Poling time: 2 min.
Top electrode: *+” Top electrode: *-" Top electrode: “+”
0.6 8% 8% 7%
0.8 7% 7% 5%
1.8 7% 79 | Sk
2.5 6% 7% 4%

Similar experiments were conducted on a 4” RF sputtered 50/50 PZT film. The
film investigated was 3.0 pwm thick with an as-deposited ds; coefficient of about -45
pC/N. Test capacitors were poled with an electric field of 150 kV/cm, which was
approximately equal to two times the coercive field strength. The aging rate was
evaluated as a function of poling time and direction with the data taken from different test
capacitors on the same film.

Figure 5.21 is a plot of the decay of the transverse piezoelectric coefficient for the
sputtered film poled with a figl\;l of £150 kV/cm for 1 minute at room temperature. The
plot shows a strong asymmetry; in the film’s aging rate, with the sample poled at -150
" kV/cm (top electrode negative) measured at 2% per decade while the sample poled in the
opposite direction decayed at 26% per decade. Figure 5.22 is a similar illustration taken
from the samples poled for 15 minutes. The data in the plot show an aging rate of 4% per
decade when poled with the top electrode negative and an aging rate of 20% per decade

when poled with the top electrode positive.



136

1.10L
1.00 #

0.80 oo

070
0.60

Normalized dﬂ ;

0.50

26%/dec oo

0.40 F+

—a&— Top electrode -150 kV/cm for 1 min. 1
—e— Top electrode +150 kV/om for 1 min, §— 3

0.30

10 100
Aging Time (min.)

Figure 5.21. The aging rate of the d,, coefficient of a 3.0 pm thick 50/50 RF sputtered PZT film.
The film had been poled for.1 minute with a field of £150 kV/cm.
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Figure 5.22. The aging rate of the d,, cosfficient of a 3.0 pm thick 50/50 RF sputtered PZT film.

The film had been poled for 15 minutes with a field of £150 kV/cm.
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The aging data collected from both the sol-gel and RF sputtered films make an
interesting contrast to data reported for bulk ceramics. In bulk materials, the decay of the
dielectric and piezoelectric constants and the evolution of the constricted P-E loops are
attributed to ferroelastic stress relief and domain stabilization [99]. Because extrinsic
contributions to the dielectric and piezoelectric characteristics are limited in films
(chapter 4) and the decay of the dielectric constant proceeds at only a few percent per
decade [100, 101}, the mechanism(s) responsible for the decay of the electromechanical
constants has been attributed to the reduction of the film’s remanent polarization [100].

In this work, the aging data collected show a correlation with the presence of an
internal bias field as is indicated by the asymmetric aging rates of the RF sputtered films
(Bpias = 15 to 20 kV/cm). Wher poled in a direction parallel to the internal bias, the
sputtered films showed modest aging rates of 2-4% per decade, while the application of
an antiparallel field produced aging rates of 20-26% per decade. The accelerated aging
effect results from the misaligpment of the polarization vectors with the internal field.
Removal of the poling field resits in the rapid reorientation of switched domains (i.e. the
film begins to switch back to the original orientation) and a rapid decrease of the filrn’s
ds; coefficient. In contrast to the RF sputtered films, the net internal fields of the sol-gel
films (Epias = 1 to 2 kV/cm) are smaller and as a result their response is independent of
poling direction (Figures 5.19 and 5.20).

The symmetric aging response of the sol-gel films suggests that depolarization
does not result from a net internal electric field. Earlier work on PZT ceramics has shown

that large mechanical stresses can result in significant amounts of depolarization [51, 52]

however, data presented in chapter 4 show that the effects of mechanical stress are less



pronounced in PZT films. In addition, the limited extrinsic contributions in PZT films
suggest that depolarization results from the backswitching of aligned domains and not
nC‘»n—ISOD reérientation or domain wall pinning. Because 180° switching is not a stress
relief mechanism, mechanical depolarization cannot be responsible for the aging behavior
of thin films. Rather, it is expected that the origins of the accelerated aging rates are
related to interfacial or defect-related effects comparable to those responsible for the
polarization degradation of FRAM devices [94].

Extensive work has been conducted on degradation mechanisms in films, with
both lead and oxygen vacancies identified a potential sources of the problem(s) [94]. It is
expected that the high volatility of lead oxide at the elevated crystallization temperatures
(typically 600 to 700°C) results in l:'uge concentrations of charged defects in a shallow
layer at the film’s surface [77]. There are several possible consequences of this. First, the
defective material could form a discrete semiconducting layer at the film surface. Earlier
work has suggested that a low-g, region at one of the film’s surfaces results in the reduced
dielectric constant of thin (sub~micf6n thickness) PZT films [102]. A similar region may
be responsible for the spontaneous depolarization of the material. In particular, it is
suggested that when subjected to large poling fields, charge is injected through this layer
and domain reversal is possible. After the voltage is removed however, a depolarization
field is created which cannot be compensated effectively by the defective layer. In the
absence of an external voltage, the limited conductivity of the lead deficient layer
prevents additional charge from being transported to compensate the depolarization field.
As a result the material depoles, which leads to the accelerated decay of the film’s

piezoelectric coefficient.
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A second possibility is that Vp,"-Vo~ defect dipoles in the near surface regime
align with respect to the ferroelectric dipoles on cooling through the transition. Since the
domain structure is initially random, there is little net internal bias. If the field associated
with these dipoles is not too high, then the material could be poled. However, at room
temperature it is unlikely that all of the defects would be reoriented (especially for short
poling times). Thus, after poling they would act to drive the film back to its original
random domain configuration, which would result in accelerated piezoelectric aging.

There aré data presented both here and elsewhere [100] which suggest that the
aging rates of the piezoelectric coefficients can be decreased with increased poling times
(Table 5.4). The beneficial effects of poling time can be explained within the framework
of imprint phenomena which attributes the voltage offset of the P-E loop (i.e. the imprint)
to the alignment of defect dipoles with the film’s polarization vector [103]. With
increased poling times the defects (predominantly oxygen vacancies) which are
responsible for imprint have ti];ge to migrate through the film. The migration and
reorientation of defect dipoles stabilize the film’s domain structure, which prevents
depolarization and reduces the aging rate.

The asymmetric aging rates of the ds; coefficient of the RF sputtered films are
comparable to behavior which has been reported by Maria [84]. In that work, the aging
rates of the di; coefficient of thin PMN-PT epitaxial films were measured using a
modification of the wafer flexure technique. Results from the experiments showed that
the films had large asymmetries in the aging rates with maximum and minimum values
reported to be about 30% and less than.1% per decade, respectively. The source of the

aging behavior in Maria’s films was attributed to the presence of a large internal bias
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which shifted the P-E loops to one side of the origin, i.e. both coercive fields had the
same sign.

The explanation given for the large offset was focused on the effects of energetic
bombardment. Maria reasoned that defect dipoles could not be responsible for the
internal bias because his films couldr not be thermally imprinted. In addition, the effects
of lattice mismatch as proposed by Abe et al. [104] were dismissed because different
epitaxial films did not show a comparable shift of the P-E loop under similar interfacial
strains. It was speculated therefore, that energetic bombardment, either through
implantation or ion peening, was responsible for a displacement of the oxygen sublattice.
The shift of the oxygen atoms led to a preferred polarization direction and thus produced
the large internal field (and the asymmetry in the aging rates) in the as-deposited films. A
similar mechanism could explain why the sputtered films in this work showed

asymmetric aging rates while the sol-gel films (which never see bombardment) did not.
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6. Conclusions and Recommendations for Future Work

6.1. The Effects of Biaxial Stress on the Low and High-Field Characteristics of PZT Thin

Films

The effects of residual film stress on the dielectric and piezoelectric
characteristics of PZT thin films were investigated. Experiments were conducted on a
number of different films with compositions across the morphotropic phase boundary, of
different crystallographic orientations, and with thicknesses ranging from 0.3 to 5.0 pm.
For both the wafer and O-ring and chip-on-steel configurations the stresses applied to the
films were quantified with resistance strain gauges and were found to be about £115
MPa.

Results from the low-field experiments showed that regardless of composition the
changes of the dielectric constant were less than 10% 1n responlse to the applied stress. In
general, tensile stresses decreased the capacitance, compressive stress increased the
capacitance, and in both cases the changes produced were reversible. The dielectric loss
was found to increase about 20% regardless of the sign of the stress. Exceptions in the
low-field response were noted for the 3.0 and 5.0 um thick (100} oriented films where thé
tensile data showed a 2% increase of the dielectric constant.

Results from the high-field tests showed that for all films the remanent

polarization decreased with applied tension and increased with applied compression. In
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both cases, the changes produced were reversible and the magnitudes were on the order
of 20%. Tensile data showed the coercive field to be insensitive to applied stress.
Compressive experiments showed that regardless of composition or thickness, the
coercive field increased in proportion to the applied stress. The changes produced were
reversible and less than 10% of the as-deposited value for all samples tested.

Comparison of both the low and high-field stress data with earlier studies on bulk
ceramics indicates that ferroelastic domain reorientation is limited in sol-gel PZT films.
Experiments conducted here showed that the changes produced in all parameters were
small (for +£115 MPa) and in all cases were largely reversible. The effects observed were
found to be independent of composition and thickness. Based on the similarity of the
empirical results therefore, the limited extrinsic contributions in PZT thin films cannot be
attributed to compositional effects, submicron film thicknesses, and are nqt the result of
residual film stress. It is possible that local stresses, small grain sizes, or high defect
concentrations are responsible for the reduction in non-180° domain wall mobility. The
reduction in the extrinsic contributions limits the magnitude of the dielectric and

piezoelectric properties of these PZT films to values comparable with hard PZT ceramics.

6.2. The Wafer Flexure Technique for the Characterization of the Transverse (da;)

Piezoelectric Coefficient of Thin Films

The wafer flexure technique was developed to characterize the transverse
piezoelectric coefficient of piezoelectric thin films. PZT coated silicon wafers are
clamped in a uniform pressure device and the air in the chamber behind the sample

oscillated via the change in displacement of a 10” diameter audio speaker. The pressure
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change in the cavity results in the controlled bending of the substrate, which applies a
biaxial stress to the film, The applied stress results in the production of an electric charge
in accordance with the direct piezoelectric effect. The charge created is monitored
electronically with an electric charge integrator and a lock-in amplifier together with the
pressure change in the chamber. The stresses applied to the film are then calculated using
classical plate theory and an elastic stress analysis. The technique can be used to measure
the d3; coefficient at any point on a 3” or 4” diameter substrate and has been modified to
measure the transverse coefficient of millimeter sized test chips.

The data collected with the wafer flexure technique compare well with other ds;
data reported in the literature. The d3; coefficients were found to increase with both
poling time and film thickness, with maximum values for 52/48 sol-gel PZT films
measured at about -50 to -60 pC/N. Substantial work was conducted to characterize the
validity of the technique. Empirical results showed that the ds; values were independent
of radial location and strain gauge experiments were maqe which validated the stress
analysis. used. Results from both sets of experiments indicated that the wafer flexure
method is an accurate technique for the characterization of the ds; coefficient of thin
films.

The wafer flexure method was used to monitor the aging rates of the dj
coefficient for a number of 52/48 sol-gel and 50/50 RF sputtered PZT films. The reéults
showed that the d3; coefficient decreased in a linear fashion with the logarithm of time.
The aging rates measured for the sol-gel films were found to be between 4 and 10% per
decade with the thickest films tested (2.5 pum) displaying the smallest rates. Similar

experiments were conducted on RF sputtered PZT films. The films tested had large as-




deposited di; coefficients of about -45 pC/N for a 3 um thick film. In contrast to the

aging behavior of the sol-gel films, the aging rates of the sputtered samples showed a
strong anisotropy of the decay rate. Rates were measured at as much as 26% per decade

“when the sample was poled against the as-deposited polarization and as little as 2% per
decade when poled in the preferential direction.

The aging rates of PZT films are large when compared to the few percent per
decade reported for bulk ceramics. The mechanism responsible for the piezoelectric aging
of the PZT films is believed to be depolarization of the material. The RF magnetron
sputtered films display large asymmetries in their aging response which is probably the
result of a large internal field present in the film. When poled in a direction parallel to the
internal bias, the film’s polarization is stable and the aging rates are modest. If however,
the films are poled antiparallel to the internal field, the remanent polarization 1s unstable
and the aging rates are accelerated. In contrast to the sputtered films, the aging rates of
the sol-gel samples were independent of poling direction. The symmetry of aging rate
indicated that the net internal fields in the sol-gel films, which were about an order of
magnitude less than those in the RF sputtered films, were not the predominant
depolarization mechanism in the material. The origin of the aging response in the sol-gel
samples was attributed to charged defects or a defective layer which resulted in the
backswitching of domains.

The wafer flexure technique developed in this investigation is rapid, and the A
device has been constructed from simple hardware. The technique is robust with small
fluctuations in sample placement or other experimental variations producing only minor

effects on the reproducibility. No sample preparation is required with the rig constructed
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capable of measuring 3” or 4” diameter substrates, or millimeter sized test chips. As a
result the wafer flexure technique is viable tool for the routine characterization of the ds;

coefficient of piezoelectric thin films.

6.3. Recommendations for Future Work

6.3.1. Experiments with Sub-Micron Ceramic Samples

.The investigation of the effects of biaxial stress on the dielectric characteristics of
sol-gel PZT films indicated that extrinsic effects are limited in the materials tested. It has
been suggested that one mechanism which could be responsible for the limited extrinsic
response is the submicron grain sizes of the films. Experimental confirmation of that
hypothesis cannot be readily achieved with sol-gel films (grain sizes cannot be varied
over a wide range on platinized silicon substrates) however, fine grained PZT ceramics
can be polished to thicknesses less than 10 pm [105], characterized in the chip-on-steel
rig, and the data used for the direct evaluation of grain size effects. In addition, because
the materials are prepared using bulk ceramic processing techniques hard, soft and
undoped compositions can be tested. The experiments conducted will provide additional
information on the effects of grain size, substrate clamping, and composition on the
biaxial stress response of PZT thin films.

In addition to the evaluation of biaxial stress effects, the thinned bulk samples can
be used to calibrate the wafer flexure technique. As was discussed in sec. 3.8, the wafer

flexure method has been modified to characterize the ds; coefficient of test chips coated
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with piezoelectric films. The utilization of thinned ceramic specimens allows the material
to be characterized with an established technique (e.g. a resonance method). After the
conventional measurement, the sample can be bonded to a silicon wafer, and

characterized with the techniques outlined in chapters 2 and 5.

6.3.2. Investigations into the Mechanisms Responsible for the Accelerated Aging Rates

of the Transverse Piezoelectric Coefficients of PZT Thin Films

The discussion presented in sec. 5.5 attributed the accelerated aging rates of the
sol-gel films to spontaneous depolarization. There has been extensive work in the past
which suggests that the presence of large concentrations of charged defects
(predominantly oxygen vacancies) can result in a number of different degradation
phenomena such as polarization fatigue and imprint [103]. In addition, charged defects
have been connected to retention failure (i.e. the loss of switched polarization) which
could in fact be the source of the piezoelectric decay of PZT films. The utilization of lead
oxide overlayers, metallic oxide electrodes, and various doping strategies are expected to
produce a modification of the defect concentration and experiments designed to
investigate their effects will lead to an enhanced understanding of piezoelectric aging

effects in sol-gel films.
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6.3.3. The Imvestigation of the Influence of Stress at the Curie Point on the

Microstructural Texture of PZT Thin Films

Previous investigations by Tuttle et al. [46] have indicated that PZT thin films
adopt different microstructural textures depending upon the substrate material used. The
cause of the different texture was correlated to the sign of the film stress at the Curie
point (T.) and the sign of the stress was dictated by the thermal expansion mismatch
between the film and the substrate. Films subjected to a tensile stress (e.g. those on
silicon substrates) produce a (100) texture as the c-axes of the unit cells release strain by
orienting parallel to the film surface. Conversely, films subjected to a compressive stress
(e.g. on magnesium oxide substrates) have (001) textures as the c-axes of the material are
forced into configurations perpendicular to the surface.

The (001) texture of PZT films deposited on magnesium oxide results in larger
remanent polarization values (P;). The increase of P, would be expected to enhance the
piezoelectric coefficients (relative to PZT on silicon) which makes the (001) films
attractive for MEMS applications. Because however, MEMS devices are typically
fabricated on silicon substrates, the utilization of magnesium oxide to produce the desired
microstructure is not practical. As was shown in this thesis, different levels of stress can
be applied to PZT films via the mechanical manipulation of a coated substrate. If an
alternative stress rig can be designed to operate at high temperatures (e.g. a piston on ring
design), the film stress at T. can be changed and the microstructure of the films will

reflect that condition. If the transformation stress model is valid, high temperature stress
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experiments could lead to the enhancement of the piezoelectrib characteristics of PZT

films.
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