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ABSTRACT
This thesis describes routes to enable increased understanding and performance of lead
zirconate titanate-based microelectromechanical systems (MEMS). Emphasis was placed on
monolithic integration with interposer electronics, and in understanding the role of mechanical
boundary conditions on the ferroelectric/ferroelastic response.
Co-processing of ZnO thin film transistors (TFTs) with Pb(Zr0.52Ti0.48)0.98Nb0.02O3 (PZT)based piezoelectrics was investigated to assess whether interposer electronics on PZT can serve
as a control scheme for large area arrays of sensors or actuators. ZnO TFT processing produced
no measured changes in remanent polarization, dielectric constant, loss tangent, or aging rates.
The TFT performance also did not degrade when fabricated on top of the PZT, the mobility (> 24
cm/Vs) remaining comparable to TFTs deposited on glass. To show ZnO array integration, a 5x5
array of PZT capacitors on glass was fabricated as a prototype for an adjustable X-ray mirror,
where the ZnO TFT were used for row-column addressing of the actuators. 1.5 m thick sputter
deposited PZT on glass patterned with large area (cm2) electrodes had a dielectric constant of
>1200, tan ~ 2% and an average remanent polarization >23 μC/cm2. Photoreactive
benzocyclobutene (BCB) electrically isolated the ZnO TFTs from the top electrodes of the
piezoelectric. Flex cables were bonded to the wafer using anisotropic conductive film (ACF) to
connect the gates (row control) and the drains (column control) in the TFT array to a control box.
It was found that when actuating the PZT cells through the TFT array, the glass mirror
experienced approximately 1.5 µm of deflection for a 10 V application.
Studies on ferroelectric/ferroelastic domain reorientation were also performed on 1.9 m
thick tetragonal {001} oriented PbZr0.3Ti0.7O3 films doped with 1% Mn. Different mechanical
boundary constraints were investigated and domain reorientation was quantified through the
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intensity changes in the 002/200 Bragg reflections as a function of applied electric field. As the
silicon substrate was systematically removed from beneath the electrode film and the mechanical
boundary constraints of the substrate are relaxed, it was found that domains have an increased
ability to reorient under applied fields. When 75% of the substrate was removed, more than a six
fold increase in domain reorientation was observed. This approaches values for bulk ceramics
and suggests that the piezoelectric coefficients should be enhanced upon declamping.
The geometry of the released structures was also found to influence the domain
reorientation. An untextured 1.77 µm thick PbZr0.3Ti0.7O3 thin film doped with 1% Mn was
fabricated with electrodes which were 75% released in two different geometries, a circular
diaphragm and an elongated beam diaphragm. It was found that when the electrodes were locally
released (unable to freely deform and curl upon actuation) the amount of domain reorientation
observed in clamped electrodes and the electrodes with circularly released diaphragms was
approximately the same. Two times more domain reorientation was seen in locally released
electrodes with elongated diaphragms for the same field excursion. This disparity between the
two types of release state was shown to be due to the presence of in-plane stress which was not
fully relieved upon the removal of the Si substrate. In release geometries where the perimeter of
the free boundary is small, such as the case with the hole geometry, the in-plane stress suppresses
domain reorientation. To further investigate the role of the substrate, in situ synchrotron X-ray
diffraction was used to study intensity exchanges on 101/110 reflections in unoriented 950 nm
thick PbZr0.3Ti0.7O3 thin film doped with 1% Mn on two substrates with different elastic
properties: silicon and a borosilicate glass. The film on glass showed 32.1% domain reorientation
at 3 Vc while the film on silicon showed 28.7%. Moreover, the amount of backswitching the
films experienced upon release in field was shown to occur in a similar ratio to the difference in
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substrate elastic moduli. Films on glass which showed better saturated domain alignment (from
less backswitching after poling), had smaller irreversible Rayleigh coefficients, α. Additionally,
while the films were untextured, there was a higher {001} texture in the film on silicon. While
this might have predisposed the film on silicon to have a higher a e31,f than the film on glass, it
was found that due to the higher remanence in the film on glass, the measured piezoelectric
𝑔𝑙𝑎𝑠𝑠

𝑠𝑖𝑙𝑖𝑐𝑜𝑛
coefficients between the two films were within error (𝑒31,𝑓 ~ –5.9 C/m2, 𝑒31,𝑓
~ –5.7 C/m2).

Finally, a process is presented for transferring a 850 nm thick Pb(Zr0.52Ti0.48)0.98Nb0.02O3
thin film from a silicon substrate, where it was grown, to a polymer substrate using a ZnO
sacrificial layer. The developed process enabled measurements of PZT thin films with only 5 µm
of polyimide as the substrate. Released electrodes were tested and compared to the response of a
clamped film deposited concurrently. It was found that the film on polymer shows a slight
increase in maximum and average remanent polarization as a result of imprint produced during
the release process. Therefore, the films on polymer had a more saturated domain alignment after
poling. When the films were electrically deaged, the Rayleigh behavior of both the clamped and
released films was similar.
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Chapter 1. Thesis Outline and Introduction
1.1 Statement of Purpose
Piezoelectric thin films are of great interest for applications such as transducers, energy
harvesters, actuators, switches, and more [1], [2]. For devices that require low drive voltages or
high sensitivity, ferroelectric films with larger piezoelectric coefficients are preferred.
Ferroelectrics have two contributions to the piezoelectric coefficient – an intrinsic contribution
(lattice response) and an extrinsic contribution (predominantly due to domain wall motion) [3].
The material Pb(Zr,Ti)O3, or PZT, has high piezoelectric coefficients, which have driven its use
in both bulk and thin film sensors and actuators [1], [3]. However, PZT films are challenging to
integrate with complementary metal-oxide-semiconductor (CMOS) circuits.
This thesis focuses on increasing performance of PZT based microelectromechanical
systems (MEMS). Work focused on increasing understanding and performance of piezoelectric
MEMS devices through two means: a fundamental study exploring the clamping effect on
domain wall motion of thin films, and applied work investigating the integration of thin film
transistor (TFT) electronics with PZT based actuators.
There are many ways in which monolithically integrating electronics with piezoelectrics
can improve the performance of MEMS devices. These include, for example, decreased noise
due to adjacency of the electronics, voltage amplification of small signals, and more generally,
control electronics where silicon or organic semiconductors do not provide either the required
functional properties or process compatibility. The focus of Chapter 2 of this thesis is using
oxide based (ZnO) thin film transistors (TFTs) in a row/column addressing scheme to reduce the
number of connections needed for adjustable optics. This entailed developing a procedure for
integrating the ZnO TFTs with PZT MEMS. While this technology is presented for a single
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application, it could benefit numerous devices such as thin film transducer arrays or piezoelectric
energy harvesters.
While developing methods to increase functionality of thin film piezoelectrics is
important, it is useful to simultaneously gain a deeper fundamental understanding of their
limitations. It is well known that clamping by the substrate is a significant contributor to the
reduced piezoelectric coefficients seen in thin films compared to their bulk counterparts [4].
Increased understanding of the role of the substrate in determining thin film piezoelectric
coefficients should result in the ability to design piezoelectric MEMS devices with increased
functionality. This motivated two studies. The first sought to make quantitative measurements,
using synchrotron X-ray diffraction, of how the substrate restricted domain reorientation in films
which were partially released from the substrate. Reduction in 90° domain reorientation due to
mechanical boundary constraints, geometry of release, and the elastic properties of the substrate
are explored in Chapter 3. The second study focused on developing a process flow for transfer of
a thin film of PZT from silicon to a polymer layer. The aim of this study, presented in Chapter 4,
was to develop a process to transfer the film to a flexible substrate and investigate how this
modified the dielectric characteristics of the film.
The general background of integration of electronics with piezoelectrics and clamping of
domain wall motion on the ferroelectric response will be presented in Chapters 2 and 3,
respectively. Both of these topics require high quality PZT thin films fabricated under a variety
of different processing constraints. In this section, a general background on the PZT thin film
processing methods used is presented. Additionally, the development of the necessary processes
utilized elsewhere in this thesis is covered.

3

1.2 Introduction to PZT Deposition
Integrating electronics with piezoelectrics requires establishing process flows compatible
with all materials in the stack. For large area array devices, high yield pieces are needed.
Additionally, in order to gain an understanding of how domain wall motion is influenced by
boundary conditions of the substrate, optimized processing is required to ensure that the
observed effects result from controlled variables and not variations in the film due to, for
example, porosity or second phases. As a result, appropriate processing conditions are essential
to producing high quality samples.
The balance of this chapter focuses on the different deposition processes used for the
samples fabricated for this thesis. In the following sections, background on the deposition
techniques of chemical solution deposition and sputtering is presented. Additionally, details on
the deposition of PZT thin films for this thesis are discussed, highlighting important parameters
and non-trivial aspects of processing.
1.3 Solution Deposition
PZT thin films with excellent properties have been deposited using a variety of methods,
including, but not limited to, chemical solution deposition (CSD)[5]–[7], sputtering [8]–[10],
pulsed laser deposition (PLD) [11], and metal organic chemical vapor deposition (MOCVD)
[12]. Of these methods, CSD and sputtering are widely employed and both were utilized for the
fabrication of films in this thesis. In the following sections, the advantages and disadvantages to
these techniques are discussed. Additionally, information on the deposition processes of
perovskite PZT by both methods for films used in this thesis is presented.
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1.3.1 Background on Solution Deposition of PZT
Chemical solution deposition of complex oxides, which includes sol-gel processing, is
primarily attractive for its low cost, its flexibility, and the ease of its deposition. Furthermore, the
process is easily modified to accommodate different compositions or dopants, allowing
flexibility in the materials probed [5], [7].
The general process to deposit a perovskite film using CSD is to prepare a solution, apply
a uniform coating of the solution on the substrate, dry and/or pyrolyze the deposited layer, and
finally crystallize the film with a high temperature heat treatment. Solutions of PZT are often
prepared using a 2-methoxyethanol (2-MOE) solvent; 2-MOE dissolves lead acetate, a widelyused precursor for lead, and the 2-MOE can act as both a solvent and a modifier [6], [7]. To
deposit the solution on the substrate, spin coating is most commonly used, however dip-coating
and spraying are also employed [5]. For spin coating, the appropriate spin speed used to deposit
one layer of the solution will vary depending on the solution molarity, solution viscosity, and the
desired thickness of the layer. Thinner coatings are often preferred as a tensile stress will develop
upon drying. If the deposited layer is too thick, it leads to cracking [5]. While CSD can be
performed both with and without pyrolysis steps, generally it works best to have at least one
pyrolysis step between 200 °C and 400 °C before crystallization when using a 2-MOE based
solution [7]. A typical process includes a drying step (250 °C) in order to eliminate the organics
from the solvents prior to a pyrolysis step (400 °C). It is during the pyrolysis step that residual
organics are removed, the structural rearrangements necessary for crystallization begin, and the
film adopts short range order [7]. Following pyrolysis, the material is amorphous [13]. The
perovskite phase is formed during the crystallization step via a nucleation and growth process. At
the beginning of crystallization, there is not enough thermal energy provided to nucleate the
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perovskite structure and, as a result, fluorite (sometimes referred to as a low temperature
pyrochlore) develops first, even though it is metastable [7], [13]–[15]. After the formation of the
fluorite, the driving force for PZT nucleation is decreased. This is evidenced in studies
comparing nucleation density of PbTiO3, PbZrO3, and Pb(Zr0.45Ti0.55)O3. It was found that in
PbTiO3, where no intermediate phase develops, nucleation densities were higher compared to the
Zr containing compounds, which favor development of metastable fluorite phases [13]. With the
reduced driving force as a result of the fluorite structure, heterogeneous nucleation is favored. In
cases where nucleation from the bottom interface is favored, a characteristic columnar structure
for the PZT thin films results [7], [14]. While most solution-based routes to deposit PZT follow a
similar outline, it should be noted that the specifics of processing will influence the
characteristics of the resulting film [5].
1.3.2 Solution Deposition Processes
Solution Preparation
For samples deposited on silicon substrates, chemical solution deposition (CSD) of PZT
was the primary deposition method. The CSD process to deposit oxide thin films has been
widely studied and is well documented in the literature [6], [7]. In this thesis, CSD was used to
deposit several different compositions of PZT (some including dopants) as well as LaNiO3
(LNO), a conducting oxide perovskite material which was occasionally used as a bottom
electrode to promote {100} orientation of PZT. A typical process to make solution is shown in
Figure 1.1. For the CSD deposited films for this thesis, a 2-methoxyethanol (2-MOE)-based
solution chemistry was used. The lead precursor (lead acetate trihydrate) was weighed and
dissolved in 2-MOE. Any other solid precursors for dopants, such as manganese acetate
tetrahydrate were also added along with the lead. The solution was then dehydrated to a powder
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under an Ar atmosphere to remove water from the precursors. It is necessary to remove excess
water as the titanium precursor is especially sensitive to hydrolysis. This sensitivity was also
combatted with the use of the 2-MOE solvent which facilitates an alcohol exchange, substituting
a less reactive side group into the structure [7].
During the Pb dehydration, titanium and zirconium precursors (titanium isopropoxide and
zirconium n-propoxide) and any liquid precursors for dopants, such as niobium ethoxide, were
mixed with 2-MOE in a second container. This was then combined with the dehydrated Pb and
more 2-MOE and the entire solution was refluxed at 120 °C for 2 hours under flowing Ar.
During the reflux process, hydrolysis and condensation reactions take place to form metal-oxidemetal bonds. Finally, the solution was distilled to approximately half the total volume to remove
reaction products such as water from the condensation reactions which occur during the reflux.
The chelating agent, acetylacetone, was then added to make up 22.5% of the total volume. Fresh
2-MOE was then added to bring the solution to the final volume and correct molarity. It was
found that it was best to use the solution as soon as possible after preparation since the solution
aged over time, changing the optimized processing conditions.
The process for making LaNiO3 solution is similar, though the lack of moisture-sensitive
compounds eliminated the need for a dehydration step. The precursors were mixed together in 2MOE and refluxed for three hours at 120 °C. As with the PZT process, the solution was distilled
before the addition of the chelating agent and fresh solvent.
Solution Deposition
Following solution preparation, the solution is spun onto a substrate, pyrolyzed and
finally crystallized in an RTA. The thickness of each layer depends on the molarity of the
solution and the spin speed used in spin coating. Typically, solutions of 0.4 M were used as they
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have a good balance between depositing thick enough layers to make generation of 1 µm thick
films reasonable, but not being so thick that the film cracks. Generally, the 0.4 M PZT films used
in this thesis produced a layer thickness of ~80 nm/layer for a spin speed of 1500 rpm. In other
cases, 0.55 M solutions were used (~115 nm/layer) for depositing films up to 2 µm to reduce the
overall time for the process. Often during the deposition particularly of thicker films, excess
solution from the edge bead of the wafer was removed with a Q-tip soaked in 2-MOE. This helps
prevent thickness build up and crack initiation at the edges. The deposited film was dried at
250 °C and pyrolyzed at 400 °C. The length of these steps was changed depending on the
material and composition, but in many cases, 5 minute steps were used to ensure dense PZT
films. The final step in the process, the crystallization step, was carried out in a rapid thermal
annealer (RTA). Films were crystallized at temperatures between 650 and 700 °C for 1 minute
with ramp rates of 3 °C or greater. For films where orientation control was important, 650 °C
crystallization temperatures with a one minute hold at 520 °C was used. The solution deposition
and thermal cycles were repeated until the desired thickness was reached. A process flow for the
solution preparation and deposition is shown in Figure 1.1.
Finished films were investigated using X-ray diffraction (XRD) and field emission
scanning electron microscopy (FESEM) to determine the orientation and phase purity,
respectively.
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Figure 1.1. The process for preparing the CSD solution is shown (left) with the deposition process to grow the PZT
thin film (right). This process is shown for a PZT 52/48 film with 2% Nb as a dopant. This process is only slightly
modified for PZT of other compositions and dopants or for LNO films. The modifications for the different solution
compositions are addressed in the pertinent thesis chapters.

Densification of the Films
The densification of the PZT is a very important aspect of the processing. Porosity in the
film introduces volumes with low dielectric constants. These degrade the net film dielectric
constants and create field concentrations in the area surrounding pores that could reduce the
lifetime of the material. Additionally, residual porosity will change the elastic compliance and
stress state of the film, complicating experiments investigating the role of the substrate [16].
Porosity is a function of both the solution and the film deposition processing. It typically
formed between sol-gel layers. The pores are typically several nm in diameter and were detected
both by ellipsometry and FESEM.
Solution chemistry plays a role in the densification of the PZT films. Generally, by
modifying the solution so that the polymeric network is less stiff, higher density can be achieved.
After the solution is made, it begins to age. During the aging process, condensation reactions
continue to take place, creating stiffer bonds between polymer chains [17]. As a result, it was
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seen that solutions used soon after preparation produced less residual porosity than aged
solutions.
Additionally, it was found that adding a small amount of acetic acid (1 mL acetic acid: 15
mL PZT solution) just prior to film deposition benefits the final microstructure, as discussed
below. The acetic acid is thought to reduce the number of particles in a deposited film as the acid
can substitute for the side groups for the Ti and Zr [18] which helps keep the titanium from
hydrolyzing. Additionally, during drying, polymeric gels collapse and cross link. As this occurs,
the structure becomes stiff, making it more difficult for the network to continue to collapse,
promoting residual porosity. In acid-catalyzed gels, the polymers are more weakly crosslinked
than in gels with higher pH. This allows the structure to become denser as the network can
collapse more during pyrolysis [17]. Adding glacial acetic acid will encourage acid-catalyzed
reactions, resulting in denser films. Figure 1.2 shows that when acetic acid is added to the
solution, increased density is observed.

Figure 1.2. Cross-sectional microstructures of films prepared from the same solution with and without adding acetic
acid. Without acetic acid, porosity is observed. When 1mL acetic acid is added to 15 mL of 0.4 M PZT solution,
increased density is observed.
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Porosity can also be mitigated by modifying the film deposition conditions. A major
contributor to film densification is the high temperature pyrolysis step [17]. Specifically, the time
at higher temperature is important to allow the film to structurally relax and densify. Cross
sectional FESEM micrographs are shown in Figure 1.3, demonstrating the difference in porosity
between PbZr0.30Ti0.70O3 films deposited with two minute pyrolysis steps compared to five
minute pyrolysis steps.

Figure 1.3. Cross-sectional FESEM micrographs showing films fabricated with 2 minute pyrolysis steps (left) and
five minute pyrolysis steps (right). The shorter pyrolysis steps show high levels of porosity between solution layers,
while the increased pyrolysis times enable film densification.

Pb Control in Solution Deposited Films
In order to account for lead volatility during the crystallization steps, PZT solutions were
always batched with excess Pb [7]. Typically, for films grown at PSU, 10% PbO excess is added.
Solutions with higher amounts of excess PbO can be used, but films grown from solutions with
12% PbO excess often had increased leakage currents as a result of the residual PbO.
However, it is not uncommon to observe nanocrystalline pyrochlore, a dielectric second
phase, due to lead deficiency, on the surface of the film. Pyrochlore degrades the film properties
such as remanent polarization and dielectric constant. Surface pyrochlore can be reconverted
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back to perovskite with the addition of more PbO and a subsequent crystallization [19].
Typically, for all crystallization steps except the last, there is enough excess PbO in the solution
to reconvert any pyrochlore on the layer below. However, if upon completion of the film, surface
pyrochore is detected in the top down FESEM, then a PbO solution capping layer was applied to
convert the Pb-poor region into the perovskite phase. The PbO solution was typically low in
molarity (0.08 M) as a thick layer was not needed. The solution was spun on at 3000 rpm and
then dried at 150 °C for 1 minute and 250 °C for 1 minute. It was then crystallized at 700 °C for
1 minute. If any excess PbO was detected on the surface of the film after the capping layer was
applied, the wafer was rinsed in 99% pure acetic acid for 1 minute to remove it.
As the properties of the films are a strong function of both the composition and doping,
the electrical response of solution deposited PZT will be discussed in the relevant sections.
1.4 Sputter Deposition
CSD intrinsically presents several advantages (discussed above) compared to alternate
deposition techniques. However, the process can be cumbersome for deposition of thicker films
and the effects of drying stresses and non-uniform thicknesses complicate fabrication on flexible
substrates such as thin glass [20]. As an aside, it is also unsuitable for applications where thin,
conformal coatings of PZT on a wafer with large step heights is needed, such as for ferroelectric
memories [5],[7]. In some of these cases, RF magnetron sputtering is used instead [21]. As
opposed to CSD, with sputtering it is relatively easy to get both a high deposition rate as well as
reasonable conformal coverage [22]. One of the main drawbacks to sputtering PZT is that
stoichiometry control, especially of the volatile Pb atoms, is difficult [8], [22], [23].
Additionally, the high vacuum systems necessary for deposition are costly and the tool will
likely need to be dedicated to sputtering Pb-based materials, as residual lead in the chamber
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could contaminate any other materials deposited in the same chamber. As the development of the
sputtering process at PSU represented a substantial development effort in this thesis, more
attention will be given to it in this section.
1.4.1 Introduction to RF Magnetron Sputtering
RF magnetron sputtering of complex oxides is complicated and as such, a good
understanding of the deposition process is helpful in optimizing the important parameters.
Therefore, prior to discussion of PZT sputtering, a brief introduction on RF magnetron sputtering
will be presented.
Generation of the plasma
The deposition chamber is comprised of both a cathode (target material) and an anode
(grounded substrate and chamber). A key component to RF sputtering is the generation of a
plasma, an ionized gas which will respond to electromagnetic fields [24]–[27]. The plasma is
generated by accelerating electrons, using the potential difference between the cathode and the
anode. An electron will eventually collide with the neutrally charged working gas atoms,
typically argon, and the interaction will create a charged ion, Ar+, and two electrons, as shown in
Equation 3.1 [24].
𝑒 − + 𝐴𝑟 → 2𝑒 − + 𝐴𝑟 + (Eqn. 3.1)
The resulting Ar+ ions are accelerated towards the target/cathode and, upon collision, free
atoms of the target material which eventually condense on the substrate surface [25].
Additionally, sometimes secondary electrons are also released. These electrons then contribute to
further ionization of Ar atoms and are an important component in reaching deposition plasma
densities [24], [25]. The plasma will be self-sustaining if the conditions within the chamber stay
favorable, namely, the pressure remains in a good working window where enough collisions
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occur to continue the plasma but not so many that atoms can’t be ionized. Plasmas with ion
densities between 108 cm-3 and 1014 cm-3 are typical for depositions [24].
Generation of sputtered material
RF power, as opposed to DC sputtering, is needed when the target material is insulating
[24]–[27]. The voltage needed for sputtering is directly dependent on the resistivity of the target.
Since the impedance of a dielectric is inversely proportional to frequency, a high frequency,
generally 13.56 MHz, is used [24], [26]. RF power enables the use of ceramic targets like those
in this thesis. However, ceramic targets are brittle. Lower powers are typically employed to keep
the material from over-heating and cracking [28].
Most sputtering tools, whether RF or DC power is used, also incorporate magnetic fields
near the region of the cathode [25]. Magnetron sputtering keeps secondary electrons, ejected
from the target, trapped in a circular trajectory, preventing them from drifting into the chamber
[24]–[26]. The confined electrons thus have a higher probability of creating ionizing collisions
near the cathode. Additionally, atoms which are ionized in this region are more likely to collide
with the target and, having experienced fewer collisions, will reach the target with higher
energies. The increased bombardment of the target will result in more secondary electrons being
ejected and ultimately trapped in the magnetic field, creating a very dense plasma [25]. By
magnetically confining the dense plasma near the cathode, lower pressures can be used in
magnetron sputtering systems [24].
One concern when utilizing RF magnetron sputtering is that as the direction of applied
voltage switches, etching of the film can occur. The plasma itself will remain at a constant
potential; the difference between the potential of the plasma and the potential that develops at the
substrate, the floating potential, can accelerate the positive ions to the substrate during some
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parts of the AC cycle when RF power is used [29]. A large substrate and smaller target area
reduces the sheath thickness next to the anode and decreases sputtering at the substrate [24]. This
is one of the reasons why the substrate is typically grounded to the chamber itself, to create an
even larger area.
1.4.2 Pb Control During the Sputtering Process
One common challenge with sputtering materials where one or more of the cation have
high volatility is achieving the desired stoichiometry. In particular, sputtering Pb-based
compounds is complicated by the high vapor pressure of Pb species, which are easily resputtered
from the growing film or evaporated during a post-deposition anneal [30], [31]. As such, excess
Pb targets are used to correct for the loss of PbO and prevent the Pb-deficient pyrochlore phase
from forming [23]. However, if there is too much PbO, at high temperature the excess PbO will
segregate in the grown film. In some cases, it will remain in the grain boundaries, creating a
more electrically conductive pathway; if the temperature is high enough, it will volatilize,
creating a porous film. Figure 1.4 shows a schematic illuminating how porosity can develop
during the post-deposition crystallization step in a Pb-rich as-deposited film. This is especially
problematic for films which are deposited at lower temperatures and converted to the perovskite
phase with a post-deposition anneal [8]. However, porosity due to excess PbO is also known to
develop in films grown at high temperatures and in situ crystallized films [32], [33]. Thus, the
amount of PbO in the as-deposited film must be carefully controlled to achieve high density
sputtered PZT.
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Figure 1.4. Porosity developing in a sputtered PZT film as it undergoes a post-deposition anneal. A Pb-rich film is
deposited (left). As thermal energy is added, PbO will preferentially segregate into pockets both within the film and
at grain boundaries (right). As the temperature is increased to crystallization temperatures, the PbO volatilizes,
diffusing out of the film and leaving behind voids.

The problem of Pb control in Pb-based sputtered films is extensively documented in the
literature; many solutions have been proposed to control the amount of excess PbO by modifying
processing parameters for deposition of PZT, PbTiO3, or the Pb-La-Ti-O system (PLT) [8], [22],
[23], [30], [34], [35]. While an exact process transfer isn’t possible, typical conditions are
available in the literature. As La3+ is often present in minor amounts, and Zr4+ is similar in size
and charge to Ti4+, the general processing trends are expected to be comparable between these
compositions. The lead content and design of the target [36], [37], DC bias on the substrate [36],
temperature of the substrate during deposition [30], amount of oxygen in the sputter gas [38], the
conditions of the post-deposition anneal [8], and the sputtering gas pressure [39], for example,
are all variables which can be tuned to adjust the Pb/PbO-content of the growing films. While the
general concepts governing Pb control and density in sputtered films are the same, it is difficult
to transfer sputtering processes between different research groups utilizing different sputtering
tools, as the final film will depend on a large number of variables.
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One relatively straightforward method for controlling the Pb content of the sputtered film
is by varying the chamber pressure during deposition. At lower growth pressures (e.g. 2 mTorr)
the ions make fewer collisions, resulting in higher energy ions impacting the surface of the
growing film. As PbO is the most volatile species in the compound, this bombardment can favor
the Pb deficient pyrochlore phase [34]. As the pressure is increased, the collisions in the chamber
also increase. Therefore, the ions will have a lower energy available to bombard the film and
resputter the PbO.
Previous reports on PLT have shown that the gas flow and gas chemistry can also have a
large effect on whether or not the sputtered film will crystallize into the perovskite phase [31].
The presence of oxygen during the deposition will affect the Pb oxidation state; this influences
whether the perovskite phase forms instead of pyrochlore. At the initial stages of growth, it was
found that an oxygen-deficient pyrochlore phase is formed [31]. This oxygen-deficient phase is
less stable than the lead-deficient phase and so the film easily converted to the perovskite phase
during the post deposition anneal. It was also reported that partially oxidized Pb (or partially
reduced PbO) can aid in the crystallization of the perovskite phase. As metallic Pb is oxidized to
Pb2+, it releases 220 kJ/mol of energy into the system [31]. Likewise, incompletely oxidized Pb
also converts to PbO; the energy release depends on how much Pb needs to be reoxidized [31]. If
the exotherm occurs during the crystallization step, that energy can go towards the conversion to
the perovskite phase [31]. Thus, the amount of oxygen in the system during both growth and the
post deposition anneal step is important for forming the correct phase.
Another deposition variable often modified to control the amount of PbO in the system is
the growth temperature. Deposition at elevated temperatures is attractive because in situ
crystallization of PZT is favored at temperatures of at least 500 °C [40]. If the film is deposited
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at lower temperatures, a post deposition anneal is required to form well-crystallized material.
Post deposition annealing has a large effect on the resultant microstructure and introduces even
more variables into an already complicated process [8]. Additionally, the PbO stoichiometry can
be self-limiting to the stoichiometric amount in high temperature depositions [30]. However, on
increasing the substrate temperature, there is a concurrent increase in PbO volatilization.
Therefore, when higher temperatures are used, higher Pb excess targets or fluxes must be utilized
[30].
Biasing the substrate can preferentially accelerate certain charged ions towards the
growing film; this is turn will affect the PbO stoichiometry via bombardment. It has been
reported that a negative bias voltage produces the best results [36]. This is thought to be due to
the suppression of bombardment due to negative ions, such as oxygen. The improvement in
microstructure reported with negative biases may be, in part, to a more oxygen deficient growing
film which aids in the crystallization of the perovskite phase.
Other methods of Pb control, such as modifying RF power [36], gas flow rates [41], [42] ,
and the composition of the target [23], [36], [42] also affect the stoichiometry of the film
although they will not be discussed in this thesis. Generally, as the amount/energy of
bombardment at the surface of the film is increased, the PbO concentration in the film decreases.
1.4.3 PZT Sputtering at PSU
For PZT deposition on flexible glass, sputtering allowed films of 1.5 – 2 µm thickness to
be deposited without distorting the wafer markedly [43]. Additionally, sputtering was shown to
be faster, and better suited to deposition on curved substrates.
The sputter system used at PSU is a Kurt J. Lesker CMS 18. For this work, RF sputtering
was chosen to enable use of ceramic oxide targets. Three inch PbNb0.01(Zr0.52Ti0.48)0.99O3 targets
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(manufacturer: Kurt J. Lesker) with 5% excess PbO were used for this work. A schematic of the
tool is shown in Figure 1.5. The process described below represents the conditions used for
sputtered films in this thesis and the starting point for optimization of PZT film quality.

Figure 1.5. A schematic of the PZT sputtering chamber. The load lock system allows for one wafer to be loaded or
processed at a time. The target is tilted at 15° and the target to substrate distance is about 15 cm.

Sputtered films for the adaptive optics work in this thesis were deposited at room
temperature in an argon ambient with an RF power density of 2 W/cm2. Each 1.5 µm thick film
was deposited in three 0.5 micron steps with crystallization anneals performed after each
deposition. Half micron thick layers were used to prevent cracking which occurred on
crystallization of thicker amorphous films.
As a consequence of the smaller target area (3”), targets were replaced after
approximately every 30 microns deposited. Due to this, an extended pre-sputter to condition the
target before every run is not feasible. As mentioned previously, the ideal working pressure
during the deposition is related to the stoichiometry of the target. Therefore, a calibration study
was performed on each new target to determine the optimal pressure for the perovskite phase.
Figure 1.6 shows top down FESEM micrographs of PZT deposited at three different pressures. It
is easy to distinguish the perovskite phase from the pyrochlore phase due to the large difference
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in grain size. Perovskite PZT grains are much larger in size (typically ~100 nm) compared with
the pyrochlore grains. It is noted that there is also some amount of bimodal distribution in the
grain size for the perovskite grains of these sputtered films. The larger grains seen in the top
down view were nucleated from the surface of the film, rather than the bottom electrode. This is
hypothesized to be due to excess PbO remaining in the film, facilitating nucleation on the top
surface. In separate work, not shown here, excess PbO on the surface of the film was shown to
create secondary nucleation sites even in much thinner films deposited by chemical solution
deposition. Typical working pressures for this thesis were in the range between 4-5 mTorr.

Figure 1.6. Top down FESEM micrograph of PZT 52/48 films with 1% Nb deposited at 3 mTorr (left), 4 mTorr
(middle) and 5 mTorr (right). All samples were half a micron thick and underwent the same thermal cycle post
deposition (crystallization at 585 °C for 18 hours in air in a box furnace). As the pressure is increased, the amount of
pyrochlore was reduced and phase pure perovskite films were achieved.

Post-deposition anneal
As described previously, films were crystallized post deposition. Typical crystallization
temperatures for PZT thin films are 650 °C, very close to the strain point of the Corning Eagle
glass (669 °C) [44]. Two different approaches were considered for crystallization of the sputtered
films on glass. The first approach was performed in a box furnace for long times (18 hours) with
low process temperatures (585 °C) to ensure no deformation of the films would take place. The
second approach investigated using a higher crystallization temperature (650 °C) in an RTA
based on the hypothesis that shorter times (1 minute) at temperature would prevent deformation.
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It was reported that a crystallization temperature of 585 °C for 18 hours with a ramp rate of
10 °C/sec was suitable for forming phase pure perovskite films [20]. While annealing the films
for shorter periods of time helped reduce the porosity seen in cross sectional micrographs, heat
treating films grown under the same conditions for less than 12 hours generally produced films
with low breakdown strengths, indicating that there might be excess PbO still trapped.
Crystallization in the box furnace was found to produce films with increased porosity in the top
down view and cross sectional field effect scanning electron (FESEM) micrographs, shown in
Figure 1.7 relative to films crystallized in the rapid thermal annealer (RTA). It was found that the
400 micron thick Corning Eagle glass wafers did not shatter, nor appreciably deform, when heattreated in an RTA with a ramp rate of 3 °C/sec and holds at 520 °C for 1 minute and 650 °C for 1
minute. A large scale interferometer measurement of a glass wafer with 1.6 µm of PZT deposited
and crystallized in the RTA is shown in Figure 1.8. Due to the lack of reflective coating on the
wafer, the image generated from the interferometer has weak contrast. However, concentric
fringes can be observed. These appear to be similar to Newton’s rings. It is expected that stress
imposed by the PZT thin film will introduce a bow to the wafer. However, this indicates that the
glass is not severely deformed by annealing. Because of the lack of good contrast between the
fringes in some areas, it is difficult to be precise about the level of bow in the wafer although for
this set-up the depth/fringe should be approximately 1.6 µm.
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Figure 1.7. Top down FESEM micrographs of PZT films crystallized at 585 °C for 18 hours (left) and films
crystallized at 650 °C for 1 minute (right). The 0.5 µm thick films were deposited at room temperature on silicon
substrates at 4 mTorr in the same sputter run. It is apparent from the micrographs that more porosity is seen for the
lower temperature crystallization

Figure 1.8. Tropel 9000 interferometer image of a glass wafer heat-treated in an RTA at 650 °C for 1 minute. The
fringes are concentric, indicating no appreciable deformation from the RTA thermal cycle. The red outline indicates
an approximate position of the wafer. Image taken courtesy of Z. Prieskorn of the Burrows Lab at PSU.

Electrical Properties
Despite residual porosity in the films deposited at room temperature, the electrical
properties of the sputtered PZT were acceptable for applications described in Chapter 2. To
probe the electrical response, Pt top electrodes were sputtered and patterned using lift off
lithography. The conditions for lithography can be found in Appendix A. The dielectric constants
measured at 100 Hz with a 30 mV ac signal ranged between 1400-1500; the loss tangent was <
4%. The remanent polarizations were >24 μC/cm2 and the wafers had high yield (> 90%) with
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cm2 electrodes. Figure 1.9 shows the low field P–E characteristics of a sputtered film. Porosity in
films often results in lower dielectric constants due to mixing rules and the low dielectric
constant of air. The high dielectric constants seen in these data support the theory that the
isolated pores exist (probably at the grain boundaries).

Figure 1.9. Low field P – E loop from a cm2 electrode of a 1.5 µm sputtered PZT thin film. The film was sputtered
with a 5% excess PbO target at 5 mTorr and crystallized for 1 minute in an RTA at 650 °C while flowing oxygen

In many cases, in order to improve the yield of large area electrodes, a small voltage (3
V) was applied through a battery to “resurrect” shorted electrodes. The lack of a current limiter
allows high current to flow through the film, burning away leakage pathways from Joule heating
without significantly degrading the remainder of the film. Capacitance values post-resurrection
do not show significant differences from capacitance values of non-shorted electrodes on the
same film, suggesting a modest volume of degraded material [46].

1.4.4 Porosity Control in Sputtered PZT
As mentioned previously, residual porosity was observed in the post-deposition annealed
films and is the result of improper Pb stoichiometric control in the as-deposited film. While the
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top down micrographs show only small pores on the surface, the cross sectional FESEM images
reveal the film has a higher percentage of porosity. Figure 1.10 shows a cross sectional FESEM
of both an amorphous, as-deposited film and a crystallized film using the conditions detailed in
the previous section. The amorphous film appears dense, indicating that the porosity seen in the
crystallized films develops during the crystallization anneal.

Figure 1.10. Cross sectional micrographs of amorphous, as-deposited, sputtered PZT (left) and PZT that had been
crystallized at 700 °C in an RTA for 1 minute. While no evidence of porosity is present in the as-deposited film, the
crystallized film shows both large and small pores. It is likely that the large pores exist at the grain boundaries where
PbO can easily segregate and diffuse out of the film

Additionally, a bimodal distribution in pore size was observed in the cross sectional
micrographs. Sections where smaller pores are evident are believed to be within grains whereas
sections where larger pores are observed are believed to be in-between grains. As excess PbO
will preferentially segregate to the grain boundaries before volatilization, it is expected that
larger pockets of PbO will be located between grains and therefore, upon crystallization, produce
larger pores. Figure 1.11 shows a cross sectional micrograph supporting this. In the cross section,
there are two distinct pore sizes. The larger pores appear to separate grains, and often appear
along lines in the micrographs, suggesting that they mark pathways for PbO escape. To prove
this definitively, orientation imaging microscopy would be useful. An example of this is circled
in Figure 1.11. The smaller pores may be within grains.

24

Figure 1.11. A cross sectional micrograph for a sputtered PZT thin film, deposited at 4 mTorr and crystallized in the
box furnace at 585 °C for 18 hours, showing a bimodal distribution of pore sizes. The larger porosity appears to
occur between grains

Experiments investigating porosity control were performed concurrently with device
depositions. The short summary of the work presented here represents the work from a
collaboration with several other researchers in the Trolier-McKinstry group (H. G. Yeo, R. L.
Johnson-Wilke, R. H. T. Wilke, and N. Kirchner).
Initial experiments focused on PZT deposition at room temperature, modifying either the
substrate or the post deposition anneal conditions. Levels of porosity were estimated via
inspection of cross sectional FESEM micrographs. In most films, the cross sectional FESEM
revealed regions near the bottom electrode that showed higher density, presumably due to
diffusion of Pb into platinum. Different seed layers were investigated to determine if the levels of
porosity changed. However it was found that neither the density of the bottom electrode nor
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whether or not it was saturated with Pb prior to deposition changed the porosity markedly. The
substrate does not play the dominant role in the evolved microstructure.
Additionally, different post deposition annealing environments were investigated. In bulk
ceramic processing it was found that the atmosphere during sintering had an effect on the final
density [47]. When PZT and PLZT ceramics were sintered in an oxygen atmosphere, almost 99%
theoretical density was achieved (compared to the 96% when sintered in air) [47]. Additionally,
it was found that controlling the atmosphere, specifically in the early stages of firing, was
important for forming dense PLZT ceramics [45]. In this case, a Pt crucible with oxygen
atmosphere was used for a short (45 minute) sintering step at 1180 °C prior to a 60 hour heat
treatment at 1200 °C in atmosphere in an Al2O3 crucible. The initial step in the Pt crucible
reduced PbO loss in the early stages of firing, enabling densification [45].
For the sputtered films discussed here, annealing in oxygen, nitrogen and with a Pt top
electrode (where the film is isolated from flowing gas, and where presumably outgassing should
be slowed by the barrier) were investigated. The 0.5 µm films were sputtered at 4 mTorr with a
5% excess PbO target on a platinized silicon substrate. Annealing was performed at the same
temperature and ramp rates (650 °C, 3 °C/min) for each sample, only varying the annealing
environments. Representative cross sectional images can be found in Figure 1.12. Annealing in
oxygen gave a similar microstructure to annealing in air. While films annealed in nitrogen
exhibited some increase in pyrochlore near the bottom electrode, the structure of the porosity,
beyond appearing more interconnected, is not improved. Furthermore, annealing with a Pt top
coat did not eliminate the porosity; instead the Pt created a second nucleation interface. In light
of this, it is apparent that these deposition conditions yield films too rich in PbO to be corrected
post film growth.
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Figure 1.12. Cross sectional FESEM micrographs of PZT sputtered at room temperature and annealed in oxygen,
nitrogen, and with a Pt top electrode. While the structure of the porosity changes slightly in the film annealed in
nitrogen, there is not a significant reduction in porosity for any of the annealing conditions.

As mentioned previously, the conditions of the anneal will also have an effect on the
resulting microstructure [8]. Porosity was investigated as a function of annealing time at 585 °C.
It was found that as the annealing time was decreased from 18 hours to 5 hours, residual porosity
was reduced, as seen in Figure 1.13. However, due to poor electrical properties in films annealed
less than 12 hours, this was not a useful method for reducing porosity.

Figure 1.13. Cross sectional FESEM of PZT films deposited at room temperature which were crystallized at 585 °C
for 18 hours, 12 hours, 5 hours and 1 hour. As the time at temperature is reduced, so is the residual porosity.
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As such, the parameters during the deposition must be modified if the porosity is to be
eliminated. It is well known that changing the deposition pressure affects the amount of PbO in
the growing films. In order to investigate how porosity is influenced by the deposition pressure, a
film was grown varying pressure and the cross section was inspected. The film was grown on a
sol-gel seed layer to ensure that Pb diffusion into the bottom electrode would not complicate the
microstructure observed. Half micron layers of PZT were grown at 2, 3 and 4 mTorr at room
temperature without breaking vacuum. The film was annealed in air at 585 °C for 18 hours. High
pressures (Pb rich) films exhibited higher amounts of porosity and pyrochlore. Pyrochlore which
appears after a high temperature excursion, such as annealing, is often assumed to be Pbdeficient. Thus, its presence in an excessively Pb-rich as-deposited film is unexpected. One
potential hypothesis to explain this is that the fluorite phase, in addition to forming a Pb-deficient
phase, can accommodate excess PbO as well [14]. It is possible that in these regions the fluorite
structure is stabilized by its ability to accommodate excess PbO that was not volatilized
efficiently. Films deposited at lower pressures showed reduced levels of porosity and phase pure
PZT (Figure 1.14).
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Figure 1.14. The cross-sectional FESEM of a film deposited at three different pressures without breaking vacuum.
The film was crystallized at 585 °C for 18 hours. As the pressure increases, there is also an increase in the cross
sectional porosity. Due to charging, the interface between the sol-gel seed layer and the 2 mTorr sputtered PZT
appears blurred.

This is in contrast to the surface FESEM micrographs deposited at 2 mTorr which show a
majority of pyrochlore. This is due to the Pb deficient surface layer as reported elsewhere [23],
and observed in Figure 1.15. Despite the surface lead deficiency, large levels of porosity appear
in the majority of the film. From this it is apparent that dense, phase pure PZT is difficult to
grow only by changing pressure.

Figure 1.15. The top down (left) FESEM of a film shows high levels of pyrochlore. The cross sectional micrograph,
however, shows predominately perovskite PZT with only surface pyrochlore.

Since many groups report dense films grown at higher temperature [30], [39], [48], [49],
this was investigated. PZT growth at elevated temperatures was work led by H. G. Yeo of the
Trolier-McKinstry group. He showed that with a substrate temperature of 670 °C with a 10%
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excess Pb target at 10 mT, phase pure, dense as-deposited PZT were grown on a CSD deposited
PZT seed layer. An example of a dense film is shown in Figure 1.16. Density is likely enabled by
self-limiting of PbO content as the evaporation during growth is balanced by the high excess Pb
content of the target [30], [49]. The crystallinity of these films can be increased with a post
deposition anneal at 650 °C for 1 minute in oxygen. Additionally, H. G. Yeo demonstrated that
by incorporating 3.2% oxygen during growth, leakage and shorting of the PZT was reduced.
While the high growth temperature studies show great improvement in the microstructure
achieved, it is noted that the surface of the film is very rough. As such, a sol-gel PZT capping
layer was sometimes needed before electrical properties could be measured.

Figure 1.16. Cross section of a PZT film sputtered on a CSD deposited PZT sol gel seed layer at high temperature.
The film is dense and columnar.

In an effort to reduce the roughness, a bias was introduced. Previous studies
demonstrated that a negative bias on the substrate of the film during growth resulted in a
smoother surface [36]. A -100 V bias was put on the substrate of the film during growth at the
same elevated temperature conditions developed by H. G. Yeo. A comparison of top down
FESEM of the films grown at the different conditions show that the negative bias does indeed
smooth the surface, as seen in Figure 1.17.
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Figure 1.17. Shows the top down FESEM of a film deposited with 0 V substrate bias (left) and -100 V substrate bias
(right). Both 0.5 µm thick samples were deposited at 670 °C with an oxygen to argon ratio of 3.2% at 10 mTorr. The
large negative bias resulted in a smother surface.

While the reason for this is currently unknown it is likely related to higher energy ion
bombardment and increased resputtering of the growing film surface which is correlated with
smoother film surfaces [24],[36]. However, while the roughness of the surface was reduced with
the -100 V negative bias on the substrate, the stress exhibited by the film was greatly increased.
This was evidenced by the swelling of the lattice parameters seen in the XRD data and the fact
that upon annealing the film, extensive delamination was observed.
Substantial progress growing dense PZT films has been demonstrated, although PZT
sputtering still remains a challenge and additional tuning of parameters is needed. Further
investigation into Pb control in the sputtered films is ongoing. The current focus is on reducing
the stress in films deposited under bias without sacrificing roughness. Additionally, the films of
the high temperature work shown here were all grown on a PZT CSD deposited seed layer.
Growth of dense films without the seed layer must also be investigated. Finally, the process must
be modified for alternative substrates such as glass.
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Chapter 2. Integrated Thin Film Electronics with Piezoelectrics
2.1 Introduction and Motivation to ZnO Integration
Thin film piezoelectrics are currently used in nonvolatile memory (FRAM), as well as
MEMS devices such as actuators, transducers and adaptive optics [1]–[4]. For applications which
require large piezoelectric coefficients, PZT can be used.
The integration of such piezoelectric devices with on-chip CMOS electronics would be
beneficial in order to provide improved amplification, signal processing and feedback between
sensors and actuators [5]. Additionally, for some devices a large number of piezoelectric
elements are necessary, for instance to achieve high resolution ultrasound images with electronic
focusing and steering [6]. By integrating the electronics with the piezoelectrics on the same chip,
the parasitic capacitance is reduced, which also allows for higher sensitivity [7]. Additionally, by
integrating arrays with electronic addressing, PZT MEMS can be controlled with fewer wires,
decreasing the cable size (e.g. for 2D medical ultrasound arrays) and facilitating mass production
[8], [9]. Furthermore, the adjacency of such electronics would enable functionality with reduced
noise [5]. Integrating electronics would allow for increased performance in areas where higher
piezoelectric coefficients, and thus materials such as PZT, are desired, such as medical imaging
and underwater acoustics [10]. Electronics such as voltage amplifiers would be useful for driving
piezoelectric actuators; conventional CMOS electronics are typically not designed for outputs
greater than a 10 V operation [11].
However, there are several limitations to fully integrating PZT MEMS with existing
CMOS foundries. While this integration has been performed previously, with FRAM being an
example [12], it is not trivial and there are some instances where an alternative process, such as
the one described here, would be useful. Many piezoelectric materials with the highest
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piezoelectric coefficients contain Pb, which is considered a contamination risk in IC fabrication
facilities. Before materials such as Pt and PZT (common materials in piezoelectric processing)
can be introduced into a foundry, contamination studies have to be performed and appropriate
segregation procedures developed [8]. Furthermore, the thermal budgets of the materials are not
compatible with integration of PZT following completion of the CMOS. Crystallization
temperatures for PZT tend to be >500 °C, [13] temperatures at which dopant profiles of
integrated circuits will become mobile and aluminum contacts might oxidize [14]. Finally, the
passivation of the electronics typically introduces hydrogen, degrading the properties of the
piezoelectric [14]. Despite these limitations, some lead-containing piezoelectric materials have
been processed with integrated circuitry in a back-end process for FRAM [15]–[17].
Two methods have been demonstrated for integrating PZT and CMOS electronics; hybrid
integration, where the devices are fabricated separately and then bonded together, and monolithic
integration where the structures are fabricated on the same substrate. The latter is typically
preferred for arrays or mass production in order to reduce the necessary wires [8].
Several groups have reported hybrid integration of piezoelectrics with CMOS electronics
[14], [18]. For example, Kolesar et al. bonded 40 micron thick polyvinylidene difluoride (PVDF)
to an integrated circuit using a urethane adhesive to create arrays of MOSFET amplifiers that
were directly coupled via the gate to the piezoelectric for robotic skin sensing [19]. Using the
same process of bonding separate sheets with conductive paste, Yokota et al. demonstrated a
flexible strain sensing system using PVDF and organic field effect transistors (OFETs). The
resulting strain sensor was mechanically flexible and the integrated circuitry was able to both
amplify 10 mV signals by a factor of 100, and reduce variations in threshold voltage of the
OFETs by using pseudo-CMOS inverters with floating gates. This was necessary to shift the
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turn- on voltages for all OFETs in the array to one voltage [20]. Kato et al., from the same group,
produced arrays of PVDF ultrasound transducers on a flexible substrate and then bonded this to a
flexible sheet of OFETS using an electrically conductive adhesive. The transducer array could
launch and detect the reflected ultrasonic waves at 40 kHz and create a 3-D spatial image of an
object approximately 210 mm away [6]. There have been many other reports using conductive
bonding to electrically connect piezoelectrics with electronics [1], [5], [9], [10], [14], [21]–[23].
Integration via monolithic approaches has been demonstrated as well. Hsu et al. reduced
the parasitic capacitance in large PVDF arrays (for sensing) by fabricating a transimpedance
amplifier to convert the piezoelectric signal from charge to current using organic field effect
transistors (OFETs) [24]. Similarly, Polla et al. designed and built working high voltage drive
electronics (HVMOS) with PZT-based diaphragms and cantilevers. PZT cantilevers were
successfully driven using the HVMOS structures and a tip deflection of approximately 3 μm (for
a 100 µm x 50 µm cantilever with a 0.36 μm thick PZT film and 1.5 µm of low stress silicon
nitride as an elastic later) was seen when 25 V was applied. The CMOS structures were
characterized post PZT fabrication and the current-voltage characteristics indicated compatibility
between the PZT thin film processing and the integrated circuits [11].
The work by Polla et al. is especially relevant to this thesis, given that a majority of the
reports on integration of piezoelectric MEMS and control electronics used PVDF as the
piezoelectric and pentacene for the semiconductor. However, in some applications, for instance
medical ultrasound transducers, large piezoelectric coefficients are required; in this area
morphotropic phase boundary PZT outshines its organic analogs, such as PVDF [6].
Pentacene based transistors typically demonstrate mobilities < 1 cm2/Vs [6]. Therefore,
there is a need to integrate transistors with higher mobilities for applications where fast switching
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is desired. An example of such an application is beamforming for a 2D transducer array where,
for a 50 MHz transducer, a minimum delay of 20 ps is needed [25]. Oxide electronics are
attractive for their high performance and mobilities as well as their low deposition temperatures
and high-stability. In particular, ZnO-based transistors deposited via plasma enhanced atomic
layer deposition (PEALD) have high-resistivity with mobilities > 20-30 cm2/Vs [26].
Furthermore, the low temperature required for ZnO-based transistors suggests that integration
with PZT MEMS should be possible.
In this section of the thesis, co-processing compatibility of PZT and ZnO is explored.
ZnO thin film transistors (TFTs) are successfully used to control PZT capacitors, demonstrating
the feasibility of integrating electronics with piezoelectrics to enable improved sensing and
actuation for PZT MEMS devices. As an example, integrated electronics with piezoelectrics are
being explored for a next generation x-ray telescope with excellent angular resolution as well as
a large collection area [3], [4], [27], [28].
2.2 Demonstration of Co-Processing and PZT Capacitor Charging Tests
For initial studies investigating process compatibility of PZT capacitors and ZnO thin
film transistors (TFT), Pb(Zr0.52Ti0.48)0.98Nb0.02O3 films were deposited on platinized silicon
substrates using chemical solution deposition. The addition of the Nb dopant to the films
increased the resistivity and decreased the leakage current density. This will decrease the current
through the device during operation, which will lower the power needed. Additionally, it will
increase the RC time constant of the capacitor, allowing faster charge times and longer selfdischarge times. Details of solution synthesis and deposition procedures are described in Chapter
1. In short, a PZT solution containing 10% excess PbO was spun onto a platinized silicon wafer
(NOVA Corporation), dried (250 °C in air for two minutes) and pyrolyzed (400 °C in air for two
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minutes) before being crystallized in a rapid thermal annealing (RTA) furnace at 700 °C in air
for one minute. The process was repeated until the desired thickness of PZT was achieved (760
nm). The PZT and the platinum bottom electrode were both patterned via dry etching into
standalone features using reactive ion etching (RIE) in a Tegal 6572 RIE tool (Tegal
Corporation, Petaluma, CA). In this case, the Pt bottom electrode was also etched to define the
PZT structure, and separately into the gate for the TFT. The conditions for the PZT and Pt etches
are described in Table 2.1. For these initial coprocessing studies, the TFTs were fabricated
alongside the PZT capacitors. A schematic of this is shown in Figure 2.1.
Table 2.1. Etch Parameters of PZT and Pt
Material

Chamber Pressure

Pt

5 mTorr

PZT

5 mTorr

Gas Chemistry

Forward Power

Etch Time

20 sccm Cl2
40 sccm Ar
7 sccm Cl2
45 sccm Ar
28 sccm CF4

300 W at MHz
0 W at kHz

30 seconds

300 W at MHz
125 W at kHz

30 seconds

Following patterning, top electrodes were defined by lift-off using photolithography, and
platinum was deposited using RF magnetron sputtering. The dielectric constant, measured both
before and after ZnO deposition and patterning at 1 kHz with an ac signal of 30 mV, was ~ 1100
with a loss tangent of less than 3 %. The remanent polarization was greater than 24 μC/cm2 and
the leakage current, measured at three times the coercive voltage for 20 minutes, was
approximately 1x10-8 A/cm2.
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Figure 2.1. A side-view schematic of the PZT capacitor fabricated alongside the ZnO TFT. The source of the TFT is
connected to the PZT via a lead to the top electrode

The process flow for fabricating the ZnO thin film transistors for this thesis was adopted
from the process used by the Jackson group [26] and is outlined here. As the ZnO TFTs show
excellent mobility and stability over time, modifications to the process were only imposed when
the original process was either unsuitable for the materials stack or for ease of fabrication. Top
down and a side view schematic of the processed TFTs is shown in Figure 2.2. Details of each
step and how they were changed for coprocessing with the PZT will be given in the following
subsections.

Figure 2.2. Top down (of a TFT on glass) and side view schematic of a typical ZnO based TFT. The ZnO channel is
outlined in black
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Gate Deposition
The first step in the transistor process used for this thesis is to deposit and pattern the gate
material. Cr is often used as the bottom gate material for transistors fabricated on glass however,
for ease of fabrication when the TFTs are patterned alongside the PZT capacitor, the TFT gate
was made of Pt. This enabled the gate to be defined during an RIE etch, at the same time the
bottom electrode for the PZT was also defined, eliminating additional material deposition and
patterning. TFT characteristics with a Pt gate were similar to characteristics with a Cr gate.
Deposition of the Gate Dielectric and Semiconductor
The dielectric and semiconducting materials for the TFT (Al2O3 and ZnO respectively)
were deposited using plasma enhanced atomic layer deposition (PEALD). The process was
carried out in custom built tools in the Jackson Lab at Penn State.
In this process, a weak oxidant, typically CO2 for Al2O3 depositions or N2O for ZnO, is
flowed continuously in order to remove either excess precursors and/or reaction products. The
entire process is carried out at 200 °C. To begin growing the film, the metal-precursors
(trimethylaluminum for Al2O3 and diethylzinc for ZnO) are pulsed, flow into the reaction
chamber and chemisorb to the substrate surface. The growth rate of the Al2O3 is approximately
1.05 Å/cycle and the growth rate of the ZnO is ~ 2.5 Å/cycle. The deposition of ZnO is
performed after the Al2O3 film was grown, but without breaking vacuum as that resulted in a
non-ideal interface between the two materials [26].
After a purge to remove excess precursors, the RF plasma is pulsed to oxidize the
adsorbed precursor. This process is repeated until the desired thickness is formed (50 nm Al2O3
and 10 nm ZnO for most of the work in this thesis).
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ZnO Patterning
The ZnO is then patterned via wet etching with dilute HCl (1:4000 HCl:water) for 1
minute. This gives an etch rate of approximately 10 nm/min. This is a reliable etch, however as
the ZnO is incredibly sensitive to acidic solutions, it is best to batch the etchant in large
quantities where the 1:4000 ratio is easily targeted.
Al2O3 Patterning
For a majority of the TFTs processed for this thesis, the Al2O3 was patterned by wet
etching with H3PO4. In this process, vias are opened in the Al2O3 in order to expose metals
which will be contacted post-processing (Ti gates, Pt bottom electrode, Pt top electrodes). The
resist (1 µm thick Microposit 1813) is patterned and then hard baked between 110-115 °C for 5
minutes. The alumina is then etched in a phosphoric acid bath warmed to ~ 80 °C. The etch rate
for this process is approximately 40 nm/min.
Source/Drain Contacts
For the penultimate step in the transistor fabrication, titanium source and drain contacts
were then deposited and patterned by a lift off process. As the ZnO is exposed during the lift off
step, special care needs to be taken to make sure the acetone was neither old nor somehow
contaminated as the ZnO easily etches in lower pH, polar liquids. This was generally done using
a dummy wafer with ZnO. The ZnO thickness is measured before and after exposure to acetone
using ellipsometry. If any ZnO etching is observed, the acetone was discarded.
Passivation using ALD Al2O3
Finally, the structures were passivated using ALD Al2O3. Passivation is necessary for
good stability of the TFTs, as exposed ZnO can absorb moisture from the air which will shift
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properties. The ALD alumina was deposited from trimethylaluminum and H2O. The passivation
layer was also deposited at 200 °C. Following this, a second alumina etch is performed, under
the same conditions as before, to open up vias so contact can be made to the TFT array.
Post fabrication, TFTs were tested and found to have properties comparable to TFTs
deposited on glass, with differential mobilities > 24 cm2/Vs. The help of J. I. Ramirez for all TFT
fabrication and characterization is gratefully acknowledged.
PZT degradation studies
It is essential that the PZT characteristics do not degrade after going through TFT
processing. The precursors for alumina and zinc oxide both contain hydrogen, which can be
broken off during the cracking of the precursor. Hydrogen infiltration of the PZT lattice degrades
properties [29]. To assess whether this was a problem, the dielectric and ferroelectric and
dielectric properties were tested both before and after TFT processing. There was no appreciable
degradation to the dielectric constant, the P-E characteristics or the leakage current density, as
seen in Figure 2.3. Likewise, no significant changes in the aging rates for the permittivity were
observed.

Figure 2.3. a) P-E loops of a PZT capacitor before (black) and after (red) TFT deposition. There is no appreciable
change in the remanent polarization or the shape of the loop. b) The leakage current density remains approximately
the same as well. c) IDS versus VGS of a discrete ZnO TFT with W/L = 200/20 µm co-fabricated with PZT capacitors
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However, it was found that initial samples with ZnO TFTs experienced breakdown at
lower fields compared with PZT that was not coprocessed. This lower breakdown strength was
attributed to two factors: first, the thin, 30 nm of alumina that was deposited to serve as electrical
isolation between the bottom electrode and the Ti lead that connected the top electrode of the
capacitor to the source of the transistor. A schematic of the breakdown region is shown in Figure
2.4. This was combated by depositing a thicker layer of alumina as the gate dielectric (50 nm).
Secondly, there was extensive damage to the sidewalls of the PZT film during the RIE step. The
large non-uniformities, seen in Figure 2.4, likely created field concentrations which caused the
alumina to break down at even lower fields.

Figure 2.4. Side view of the structure highlighting the area where a short is likely to occur. Also shown are several
top down views of the sidewalls of etched PZT. The first generation samples showed sidewalls characterized by
large non-uniformities. This was mitigated through careful processing as described in the text, and the second
generation side walls are shown here as well.

Samples were characterized in order to determine what caused this sidewall damage as it
is not characteristic of RIE etching and could not be fixed with a post-etch annealing step. An
analysis of the etched features in the FESEM showed excess photoresist left on the top edges of
the etched PZT structure as well as along the sidewalls. Examples of the excess photoresist are
shown in Figure 2.5. Figure 2.5a shows a clean sidewall with residual photoresist only on the
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surface while Figure 2.5b shows excess photoresist both on the top and on the sidewalls.
Additionally, the photoresist coating the sidewalls is similar in shape to the non-uniformities
which are observed on the sidewall of the etched PZT. Given these two pieces of information, it
is likely that the observed etch damage is linked to the residual photoresist.

Figure 2.5. Examples of excess photoresist left on the wafer after RIE removal of PZT.

Beyond the etch damage in the side walls, the excess photoresist left on top of the film is
undesirable. This photoresist could not be removed with high temperature thermal anneals, in
acetone (warm or sonicated), using high power oxygen plasma, physically rubbing the features
with a q-tip, or in nanostrip. All of these methods should be suitable to remove the SPR 955 2.1
photoresist that was used as the etch mask for this process. As such, it is likely that what remains
is a compound created during the etch process where the etched ions are resputtered and
embedded into the sidewall of the photoresist. This thin layer on the edge of the photoresist can
collapse either during etching, masking the sidewall of the PZT and causing the degraded pattern
to be etched in, or it can collapse during the photoresist removal, becoming stuck to the top of
the PZT film.
With this in mind, it was decided that eliminating the photoresist “fences” would fix both
problems. The approach taken for this thesis was to deposit a thin layer of lift off resist (LOR
5A) below the SPR 955. During the develop step, the LOR will undercut the 955. The PZT-
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photoresist complex formed during the etch process will still develop but it will not be bonded to
the surface of the PZT and so it will be easily removed when the LOR layer is removed. This
solution worked well for the structures fabricated here; films etched with the optimized
conditions showed smooth sidewalls. With the improved processing, films could be driven at
higher voltages, increasing properties like the remanent polarization, as shown in Figure 2.6.

Figure 2.6. Films with improved processing and thicker alumina layers could be taken to higher fields before
breakdown enabling the measurement of improved properties.

Charging/Discharging Time
Applications where the transistors control large arrays of piezoelectric devices require
that the transistors can apply enough voltage to the piezoelectric within a reasonable time scale.
Moreover, in adaptive optics the voltage applied to a piezoelectric capacitor must be maintained
while the array charges other cells. The goal is to have a short charge time in order to charge
each row or piezoelectric cells efficiently and a sufficiently long discharge time to ensure that the
array will continue to hold voltage while the rest of the pixels are charged.
To test this, the structures used for coprocessing investigations, with TFTs fabricated
alongside PZT capacitors, were utilized. As shown in Figure 2.1 and discussed previously, the
TFT was connected to the PZT capacitor by a Ti lead. The ability of the TFT to charge the PZT
was tested by turning the TFT on and off and measuring the voltage drop over the capacitor
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using an oscilloscope. The TFT (Width/Length of the channel = 150/5) was turned on and off by
placing +10 V and -10 V to the TFT gate, respectively. When the TFT was on, the voltage
applied to the drain of the TFT was measured on the PZT pixel. Figure 2.7 shows the circuit
diagram used for this measurement. The TFT and PZT capacitor are highlighted. By measuring
the voltage drop over the capacitor, the charging and discharging times (defined assuming one
time constant for each operation) can be determined.

Figure 2.7. A circuit diagram showing the set up for the charging/discharging measurement. The PZT capacitor and
TFT are highlighted in blue.

In order to determine the discharge time of the PZT element, it is important that neither
the oscilloscope nor the TFT should interfere with the measurement. The wide band gap ZnO
semiconductor ensures low leakage in the off state. Similarly, a non-inverting voltage follower
was integrated into the circuit (shown in Figure 2.7 as the op amp) as a high impedance element
to prevent discharging through the oscilloscope.
Different time constants were measured for the charging and discharging times. A PZT
cell with an area of 0.0026 cm2 with C = 3 nF, charged in approximately 3 ms and took longer
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than 70 seconds to discharge as seen in Figure 2.8. This is an acceptable ratio for the arrays in
question.

Figure 2.8. A plot of the capacitor voltage, indicating the charging/discharging of the capacitor, versus time as the
TFT is turned on and off. Assuming a single time constant for either charging or discharging, a fast charge time
(3 ms) was observed and a comparatively long self-discharge time (> 70 s) was observed.

2.3 Introduction to SMART-X
Figure 2.9 shows a side-by-side comparison of the Crab Nebula imaged using the
previous X-ray telescope, ROSAT, and the current state of the art, the Chandra Observatory. The
excellent angular resolution of the Chandra (0.5 arcsecond) allows for the details of the structure
of the nebula, such as the inner ring, to come into focus whereas with the ROSAT, no features
can really be detected. This increase in angular resolution has enabled astrophysicists to better
understand the universe.
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Figure 2.9. X-ray images of the Crab Nebula from (left) ROSAT and (right) Chandra. (ROSAT Credit: S.L.
Snowden, NASA/GSFC. Chandra Credit: NASA/CXC/SAO)

However, the Chandra is hindered by the lack of collecting area. A proposed next
generation telescope, e.g. SMART-X or X-ray Surveyor, aims to maintain the angular resolution
of the Chandra while increasing the collecting area by 20-30 times. While, several approaches
are being investigated concurrently, one promising method is to use adjustable optics.
The program seeks to use a thin glass mirror that can be deformed in situ in a predictable
and reproducible way to allow correction of figure errors while the telescope is in orbit. The
proposed method uses thin, slumped glass substrates which have an uncorrected angular
resolution of 5-10 arcseconds. Thin films of piezoelectrics on the back apply stresses to the glass
to change the shape of the mirror, creating a corrected figure with angular resolution of at least
0.5 arcseconds. The piezoelectric PZT was selected for this work for the high piezoelectric
coefficients which will allow larger strains at lower operating voltages.
Previous work has demonstrated the ability to sputter deposit PZT thin films on both flat
and curved (slumped along one axis to a radius of curvature of 220 mm) glass substrates.
Additionally, it was shown that mathematical models fit experimental data for the glass
deformations well and that the 0.5 arcsecond resolution is achievable [3].
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However, the SMART-X telescope will require many large area, nested segments. As the
pieces are increased in size, the number of electrical connections increases. Each top electrode
will need its own individual contact as well as one of the bottom electrode. For a 40x40 array,
this will require 1601 electrical connections. For decreased complexity and increased mechanical
reliability, array control electronics, similar to those used for flat screen computer monitors, are
proposed. This would enable a large reduction in the number of contacts needed, requiring only
81 for a 40x40 array. Due to the compatibility between PZT and ZnO demonstrated in previous
sections, ZnO thin film transistors were chosen. Furthermore, PZT capacitors and ZnO TFTs
have previously been demonstrated to be radiation hard and suitable for space applications [30]–
[32].
2.4 Mirror Fabrication Process Flow for SMART-X
A mask layout for a 5 x 5 array of 1 cm2 piezoelectric elements for a four inch substrate
was designed for a proof of concept. A fully fabricated wafer is shown in Figure 2.10,
demonstrating the intended design. The top down view inset shows a completed thin film
transistor (TFT) as part of the array. The PZT elements are individually controlled through ZnO
TFTs with W/L = 200 µm / 5 µm dimensions. The source of each TFT is connected to the top
electrode of the PZT. The metal pads making this connection were designed to be relatively large
to accommodate future experiments of bonding ZnO electronics on a flexible substrate to the
PZT array on a curved glass substrate. The drains and gates are connected in a row/column
addressing scheme so that cells can be controlled individually. For the array, the gate and drain
line connections were designed to be compatible with off-the-shelf ribbon cables with 250 µm
lines and 250 µm spacing. Additionally, single element addressing to make electrical contact to
the PZT bypassing the TFTs was incorporated and discrete TFTs were fabricated along the sides
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of the wafer for easy testing to determine properties.

Figure 2.10. (a) Top down view of the proposed wafer structure including a close of a completed array TFT. (b)
Shows the side view of the materials stack on the backside of the mirror.

A 0.4 mm thick Corning Eagle glass wafer was used as the substrate. Before processing,
the wafer was cleaned by sonicating in acetone and IPA and a low power oxygen plasma etch
step was performed to remove residual organics and dirt from the surface. Next, a Ti/Pt bottom
electrode was sputter deposited (30 nm and 100 nm respectively) on the glass substrate. It was
found that sputtering at higher temperatures, e.g. 150 °C, was necessary to increase adhesion and
prevent delamination of the piezoelectric cells on subsequent steps. Figure 2.11 shows the
improvement on electrode adhesion between the first and second generation pieces.
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Figure 2.11. The first generation (room temperature deposition of bottom electrode) and second generation (150 °C
deposition of bottom electrode) mirror pieces. While the first generation saw delamination of piezoelectric cells
upon the final lift off lithography step, by increasing the temperature of deposition, better adhesion was achieved.

Following this, the PZT thin film was deposited. The sol-gel process is unsuitable for this
substrate as the thin layers needed for crack-free films result in a cumbersome deposition
process. As such, Pb(Zr0.52Ti0.48)0.99Nb0.01O3 films were sputter-deposited up to a thickness of 1.5
microns in 0.5 micron steps. The thickness of 1.5 μm was chosen as it was previously
demonstrated to have suitable deflections for SMART-X requirements. The sputtering procedure
is described in detail elsewhere and the sputtering parameters are shown in Table 2.2.
Table 2.2. Sputter Parameters of PZT on Glass

Parameter

Value

Target Composition

Pb1.05Zr0.52Ti0.48O3.05
+ 1% Nb
Target: 2.0 W/cm2
25 °C
Ar
4-5 mTorr
3 x 12,500s
3 x 0.5 µm

RF Power Density
Substrate Temperature
Sputtering Gas
Working Pressure
Deposition Time
Thickness

Post deposition, the films are amorphous and must undergo a crystallization step.
However, the thermal conductivity and strain point of the glass complicates this. The postdeposition anneal was described in detail previously. For this thesis, the films on glass were
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either crystallized at 585 °C for 18 hours or, for later generations, 650 °C for 1 minute.
Top Pt electrodes were then patterned via lift-off lithography and sputter-deposited. The
dielectric constants measured at 100 Hz with a 30 mV ac signal ranged between 1200-1500, loss
tangents were < 4%. The remanent polarizations were >24 μC/cm2. Figure 2.12 shows the
polarization versus field loops for the PZT deposited in these studies. Additionally, the wafers
had high yield (>90%) on cm2 electrodes. Often, to increase yield, a direct current (DC) voltage
was applied to electrodes with high loss tangents or shorted characteristics. In such large area
electrodes, the possibility of having locally defective PZT material is high. A likely source of
increased leakage on an electrode is conductive PbO in grain boundaries. When a DC voltage (3
V) from two batteries in series is applied to the film for at least 5 seconds, these conductive
regions see high levels of current which, due to Joule heating, vaporize the conductive defects,
leaving insulating piezoelectric cells. The capacitance values can be compared to originally
insulating electrodes to verify that the amount of material vaporized is small enough that it
doesn’t cause large portions of the electrode to be unusable. One important aspect of this
technique is the use of batteries which do not have current limiting circuitry as is seen in testing
equipment. Because of this, the high levels of current that are needed for vaporization of the
conducting pathways can be achieved [4].
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Figure 2.12. Shown here are the polarization versus field loops for films on glass used for these studies. The figure
on the left was crystallized under low temperature (585 °C, 18 hours) conditions and the figure on the right was
crystallized at higher temperature (650 °C, 1 min). While the low temperature conditions produced P-E loops with
wider tips, both films show accepted low field remanent polarizations.

TFTs were fabricated directly on top of the PZT capacitor. In order to electrically isolate
the TFT bottom gate from the PZT, photopatternable BCB 4022-35 (Dow Chemical), diluted
with one part T1100 (Dow Chemical) for three parts BCB, was spun on to the wafer and dried at
60 °C for 90 seconds. The BCB had a cured thickness of 1.1 µm. Following the deposition and
soft bake, BCB vias to the top electrode of the PZT were exposed using a Karl Suss MA/BA-6.
After a post-exposure bake at 60 °C for 5 minutes, the pattern was developed in a 45 °C bath of
DS3000 for 2 minutes. The BCB was then cured in a vacuum oven at 225 °C overnight (~12
hours) in vacuum. More detailed information on the BCB deposition process can be found in
chapter 3.
The TFTs were then fabricated in a similar way as described above. The few differences
in the processing will be described here. For TFTs deposited on top of BCB, Ti was used as a
gate material. Cr was not used for this application as the stress of the deposited Cr was too large
and would cause cracking. The cracking is believed to be from highly stressed Cr which can be
slightly oxidized on the BCB, making the Cr more brittle. While chromium can be used on top of
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BCB, the sputtering conditions need to be carefully controlled to avoid high stress films. Instead,
Ti is recommended as it will more easily adhere to the BCB through Ti-C bonds [33]. The Ti
gate is patterned on top of the BCB using lift off lithography and then 100 nm of Ti is deposited
via sputtering. Typically a short oxygen plasma etch step is preformed just prior to the sputtering
step in order to remove any organic reside left by the photoresist. The parameters of the oxygen
etch step are shown in Table 2.3. However on BCB, an oxygen plasma can oxidize the surface
and thus weaken the bond between the deposited metal and the top of the BCB and so this step
must be kept very short [33].
Table 2.3 Oxygen Plasma Etch Parameters
Parameter

Value

Pressure

550 mT

Oxygen Flow

150 sccm

Helium Flow

50 sccm

Power

200 W

Time

1 minute

Additionally, to promote metal adhesion, a sputter etch in situ was performed using an argon
etch step in the sputter chamber prior to deposition. This etch step serves a dual purpose,
preparing the BCB surface as well as repairing small amounts of oxidation which may have
formed at the surface during the oxygen etch step. With this process, successful deposition of the
gate metal on BCB is possible.
The deposition of the dielectric and semiconducting layers of the device (50 nm Al2O3 /
10 nm ZnO) as well as the patterning of the ZnO was performed as described previously.
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However, it was found that the warm H3PO4 in the Al2O3 via etch slightly oxidized the Ti
contacts. This was clear from the non-ohmic behavior measured on Ti that had been exposed to
the etchant.
As such, a buffered solution of mainly tetramethylammonium hydroxide (TMAH) and
water with a pH of 12 (provided by K. Sun of the Jackson group) was used instead [34]. As
TMAH is the active chemical in many developers it is known to be unreactive with titanium. The
etch rate of the buffered solution is extremely sensitive to both pH and temperature, so it is
important for these parameters to be well controlled. For the samples fabricated in this thesis a
solution temperature of 55 °C was used. At this temperature, the etch rate of alumina is
approximately 23 nm/minute.
The lift off of Ti for source/drain contacts/array leads as well as the Al2O3 ALD
passivation deposition was not modified for this process. In this case, vias were etched into the
passivating Al2O3 to allow electrical connection to the control electronics. For the last step in the
fabrication, 75 nm chrome and 75 nm iridium films were sputter-deposited on the opposite side
of the mirror to serve as a reflective coating.
Connections to the array were made using flex cables bonded to the leads using
anisotropic conductive film (Hitachi 7206U). Initially, off-the-shelf ribbon cables were used,
however it was found that they were too stiff and caused local stresses and, in some cases, even
delamination of the materials on the wafer. As such, thin polyimide cables with sputter Cu leads
were designed and fabricated to promote greater flexibility. The cables themselves were bonded
to the wafer using the anisotropic conductive film (ACF). ACF is comprised of a metal/epoxy
matrix which should lower any distortion the bond would exert on the wafer. A schematic of an
ACF bond is shown in Figure 2.13 [35]. In essence, small (micron sized) particles generally with
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a polymer core plated with nickel, gold, and finally a thin polymer, are surrounded by an epoxy
matrix [35]. As heat and pressure is applied, conductive vertical pathways are formed. This
provides conduction vertically but insulation laterally.

Figure 2.13. Shows (left) a schematic of and ACF bond (middle) a close up of an ACF bond on one of the
SMART-X wafers and (right) a picture of the flex cables bonded to the wafer using ACF

2.4.1 Electrostatic Discharge Protection Circuit
One of the challenges faced, beyond processing, is the fact that the TFT arrays such as
the ones described here are especially susceptible to electrostatic discharge (ESD) events due to
the thin dielectric layer (~ 50 nm). This became a more pressing problem as flex cables were
used to bond the TFTs to external power sources. This configuration made it more difficult to
keep the sample properly grounded, especially as not all measurements were made in grounded
probe stations. While preventive, off-chip, procedures were set in place to minimize ESDinduced damage, these procedures were not sufficient to prevent damage to the ZnO electronics.
Protecting for ESD is an important concern as it is believed to be the cause of TFT breakdown
post fabrication. Thus, an ESD protection circuit was designed and integrated into the process
flow to fully protect the array TFTs.

59

The on-chip ESD-protective circuitry was designed for each gate and drain line of the
array to prevent damage or malfunction of the ZnO TFTs addressing each PZT pixel.
The purpose of the ESD protection circuit is to automatically create a shunting path to safely
discharge static electricity. A common ESD protection circuit used in display arrays has two
diode-connected TFTs, in parallel, connected between a drain/gate line and a common potential
ring. The ESD-protection circuit is designed to have low impedance in the case of an ESD event
compared to other possible current paths (array) and high impedance during normal array
operation.
The ESD protection circuit for the samples in this thesis was designed by J. I. Ramirez
and is described in detail in his thesis [36].
2.5 Influence Function Measurements
Completed samples were taken to the Smithsonian Astrophysical Observatory (SAO) for
testing. A Shack-Hartmann wave-front sensor (WFS) was used for the influence function
measurements. The WFS uses a red laser which is collimated just before the mirror. The
reflected plane wave carries information about the shape of the imaged mirror. A measurement is
made at voltage and prior to voltage application. Subtracting the two images provides the
influence function. Additionally, the wave front sensor enables a sensitive measurement of the
deformation of the surface of the entire wafer on a short time scale (~10 sec/measurement). The
wafer was bonded to a 6 point flexure mount which ensures identical mechanical boundary
constraints on measurements of different wafers.
The PZT was poled at one times the coercive voltage (5 V) for fifteen minutes, via the
individual contact pads directly addressing the PZT cell. A less aggressive poling procedure was
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used for this film as, reported previously, the cross sections showed increased levels of porosity.
The porosity likely affects the leakage current as a function of time and so a careful poling
procedure was employed to reduce the likelihood of catastrophic breakdown. Additionally, as
will be shown in chapter 3, domain alignment is facilitated both by porosity [37] and substrates
with low elastic moduli, like the one used here.
The surface shape was measured as certain PZT cells were turned on and off either with
the TFT array or bypassing the TFT array and actuating the PZT cell directly. Immediately prior
to a measurement where the PZT is actuated, a reference image was taken. Unfortunately, during
the process of bonding the mirror to the 6 point flexure mount at SAO, a piece of the wafer was
broken off and so the full wafer could not be measured. As a consequence, the wafer was only
bonded in four places to the mount. Figure 2.14 shows the influence function of the wafer with
no PZT cells actuated, along with an approximate map of the PZT labeled numerically.

Figure 2.14. The influence function of the wafer with no PZT cells actuated. The PZT cells are outlined in black and
numbered according to how they are referenced in the text.

Figure 2.15 shows the influence function of the wafer as the five cells along the bottom
row are actuated one at a time at 5 V. It is clear that different regions of the wafer are actuated as
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different cells are turned on. It is noted that the amount of deformation is not limited to the
immediate area around the actuated cell. Several cells were electrically connected to each other
and thus it was impossible to actuate one without also actuating certain other cells. For example,
when 5 V was applied to cell 1, approximately 0.686 V was measured on cells 11 and 14. That
these two cells were actuated is readily apparent in the influence function seen in Figure 2.15.
The unintentional actuation near cell 14 has smaller deflections, spread out over a larger region
due to the proximity to the broken edge of the wafer. The region around cell 11 shows a high
level of deflection when cell 1 was actuated; this increased deformation is likely due to the wafer
being freer to strain in the area around the break.
The cause of the electrical cross-talk is not known, but there are two likely possibilities.
First, the electrical connections between cells in the array could be due to processing errors, as
100% yield samples are difficult to fabricate in university cleanroom conditions. A second
possibility is that an electrostatic discharge (ESD) event may have occurred when the wafer was
broken. While an ESD protection circuit was employed, it was meant to protect the TFTs from
high voltage coming from the flex cables. The region where the break occurred was on the other
side of the ESD circuit and thus interacted with TFTs before seeing the protection circuit. As
such, the TFTs were not protected and may have exposed the TFTs to high voltage during the
breakage. However, it is still clear that the shape of the mirror could be successfully modulated
upon actuation. Furthermore, the TFTs can be turned on and off.
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Figure 2.15. The influence functions of the wafer as different PZT cells are actuated at 5 V. While the deflection of
the wafer is not limited to the region directly adjacent to the actuated cell, it is clear that different areas of the wafer
could be addressed and actuated. The actuated cells are outlined in black.

The wafer shape was investigated as the PZT was actuated either using the TFT array or
directly using contact pads fabricated on the side of the wafer. It was found that while the general
shape of the wafer deflection was similar, the absolute magnitude of the deflection differed
slightly in regions away from the actuated cell. This was found to be due to a difference in the
voltage that was measured on cells that were not intentionally actuated, but which were weakly
electrically connected to the actuated cell. For instance, when cell 1 was actuated at 5 V, the
electrically connected cells (11 and 14) saw 0.686 V when actuated through the TFT array and
only 0.3 V when actuated through the contact pads. This may be due a difference in the
resistivities between cells depending on which direction the voltage comes from (through the
array or from the PZT cell). However, it is important to note that actuation voltage applied to cell
1 was the same in both cases. Considering both this and the fact that the influence functions
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show very similar amounts of deflection, it is expected that without defects in the TFT array the
wafer would show the same levels of deflection whether actuation is performed either through
the TFTs or directly. Figure 2.16 shows the influence functions for the cell actuated directly and
through the TFT.

Figure 2.16. The influence functions for the cell actuated directly (left) and through the TFT (right). The actuated
cell is outlined in black.

Finally, it was demonstrated that the magnitude of the deflection is controllable via the
amount of voltage applied through the TFT. Figure 2.17 shows the influence functions for the
wafer as the actuation voltage applied to one cell through the TFT was stepped up progressively.
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Figure 2.17. Shape change as the voltage is modulated from 2 V to 10 V for a single cell (cell 1). To show increased
levels of deflection with voltage, the influence functions are shown plotted with the same scale. The first image
shows the 2 V actuation on a separate scale to demonstrate the wafer does change shape even at these low voltages.

The wafer shows a systematic increase in the deformation as the applied voltage
increased. The out-of-plane deflection was approximately 1.5 µm for every 10 V applied, as
shown in Figure 2.18. This is slightly higher than the deflection measured on samples without
ZnO TFTs (~ 1 µm/10 V) [3]. The likely reason for this discrepancy is that in the case presented
here, multiple TFTs are actuated at once. As shown in work by Wilke et al., when two electrodes
located next to each other are actuated simultaneously, a larger deflection (~1.2 µm/10V) is
measured [3].
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Figure 2.18. The deflection of the actuated cell as a function of voltage. The slope indicates ~1.5 µm deflection for
10 V applied.

2.6 Conclusions
In conclusion, it was demonstrated that PZT MEMS structures could be successfully coprocessed
and controlled by ZnO electronics. In particular, the ZnO electronics were shown to be a useful
method for controlling piezoelectric deflection in adaptive optics. While the mirrors used for this
demonstration show some weak electrical connection between cells, the mirror could be
controlled by the PZT cells using the ZnO TFT for addressing. The amount of deflection and the
area of the wafer deformed are both controllable via the TFT. This integration is expected to be
applicable to other technologies such as transducer or sensor arrays or active rectification for
mechanical energy harvesting.
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Chapter 3. Direct Measurements of 90° Domain Reorientation in Thin Film
PZT as a Function of the Substrate
3.1 Measurement of Domain Wall Motion in Declamped PZT Thin Films
Portions of this chapter are reproduced from: M. Wallace, R. L. Johnson-Wilke, G. Esteves, C.
M. Fancher, R. H. T. Wilke, J. L. Jones, and S. Trolier-McKinstry, “In situ measurement of
increased ferroelectric/ferroelastic domain wall motion in declamped tetragonal lead zirconate
titanate thin films.” J. Appl. Phys. 117 [5] 054103 (2015).
Reprinted with permission
3.1.1 Introduction to Clamping of Domain Walls in Thin Films
Piezoelectric thin films are an area of great interest for transducers, energy harvesters,
gyroscopes, actuators and switches in microelectromechanical systems (MEMS) [1], [2].
Pb(ZrxTi1-x)O3, PZT, is often used for such applications due to its high piezoelectric constants
and enhanced sensing and actuating capabilities relative to other common piezoelectrics such as
Al1-xScxN and ZnO [2]. However, ferroelectric thin films such as PZT generally possess lower
piezoelectric coefficients than their bulk counterparts. It has been proposed that the inferior
properties in films are due to a combination of a clamping effect from the substrate, limited
domain wall mobility, high point and line defect concentrations, large residual stresses, and small
grain sizes [3]–[10]. Understanding the relative importance of different factors controlling the
piezoelectric responses of PZT thin films is imperative in producing optimized devices and
generating better predictive models.
In ferroelectric ceramics, there are two main contributions to the dielectric and
piezoelectric coefficients: an intrinsic contribution (which describes the contribution of the
lattice) and an extrinsic contribution (primarily due to domain wall motion). In bulk,
polycrystalline PZT, up to 50% of the measured piezoelectric and dielectric coefficients at room
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temperature are due to extrinsic domain wall contributions [11]. These extrinsic domain wall
contributions are generally dominated by motion of non-180° domain walls accompanied by
ferroelectric/ferroelastic distortion, although in principle 180° domain walls can also contribute
[12]. However, both families of walls can be pinned by a variety of sources, such as point
defects, defect dipoles, grain boundaries and film/surface interface features [13].The collection
of pinning sources is a strong function of the processing and the mechanical boundary
conditions, and cannot be expected to be equivalent for thin film and bulk samples [3]–[8].
Generally, non-180° domain wall motion is reduced in films relative to bulk ceramics of
the same composition [3], [8], [14]–[17] due to substrate clamping. However, when the influence
of the substrate is reduced or eliminated, increased domain wall mobility is observed. Significant
mobility of domain walls has been reported in piezoelectric islands [18], [19], and in some
bilayers [20]. By patterning PZT into small islands (with a lateral dimension on the order of the
thickness of the film) or depositing in bilayers, the material is partially declamped from the
substrate. This increases the piezoelectric constant either by eliminating a-domains (for which
the polarization is in-plane) or by facilitating domain wall motion via a reduction in pinning
associated with the substrate. Lee et al. demonstrated via X-ray diffraction (XRD) that the
patterning of islands has the ability to change the c-domain abundance [21].
Previously, 90° domain wall motion has been investigated in tetragonal thin films of
PZT. Studies found that grain size is an important factor affecting domain wall mobility [3], [7],
[9]. With increasing grain size, higher piezoelectric coefficients were observed due to reduced
pinning from grain boundaries [9]. 90° domain walls are especially difficult to mobilize for films
deposited on silicon with small grain sizes (< 1 μm), particularly when compared to ceramics [7].
Xu et al. found that ferroelectric/ferroelastic wall motion was constrained in thin, fine grained
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films, but thicker films (> 2 μm), exhibited more non-180° domain wall motion after a certain
poling voltage, specific to the thickness [3]. Using XRD, Kohli et al. (in an ex situ study) and
Eatough et al. (in an in situ study) investigated the domain reorientation of 90° domain walls
with applied voltage and found that with increasing voltage, 00l type domains are preferred, thus
reducing the overall volume fraction of h00 domains [7], [17]. Work on characterizing domain
reorientation using in situ X-ray synchrotron techniques has also been done by Morioka et al. on
epitaxial Pb(Zr0.43Ti0.57)O3 films. The study demonstrated that 90° switching occurred in the
films, thereby increasing the remanent polarization and piezoelectric response [22]. Although it
is established that these reorientations take place, the formation of c-domains and the switching
as a function of voltage is limited for films on silicon substrates due to thermal expansion
stresses and substrate clamping effects [16], [17], [23], [24]. XRD has also been used previously
to study domain reorientation in porous versus dense tetragonal PZT thin films [25]. It was found
that ~3-4% volume porosity increased domain reorientation in the film by more than a factor of
three. The increase in domain wall mobility is attributed to one or both of the following
mechanisms: 1) reduction in stiffness due to porosity, which essentially reduced the clamping
effect or 2) a local enhancement of the electric field near the pores [25].
Griggio et al. demonstrated that by locally declamping the film from the substrate
through the use of diaphragm structures, an increase in the piezoelectric response in the released
region was observed. This increase was attributed, in part, to increased ferroelectric/ferroelastic
domain wall motion. Rayleigh data comparing clamped and released films showed up to a 75%
increase in the irreversible Rayleigh coefficient, indicating the existence of irreversible domain
wall motion in the diaphragm structures. Upon breaking the diaphragms, the average, global,
tensile stress of the film was eliminated and a further increase in the dielectric nonlinearity was
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observed [4]. In this case, the Rayleigh coefficients approached values similar to those of bulk
PZT ceramics, which suggests a reduction in barrier height for pinning centers or a change in
domain wall density. In Griggio’s work, the type of domain walls (ferroelectric/ferroelastic or
only ferroelectric) that contributed to the nonlinearity was not determined and thus no
quantitative assessments of ferroelectric/ferroelastic domain wall mobility was reported.
Other experiments have been performed in an effort to examine domain wall motion
under conditions utilizing the direct piezoelectric effect and different results are reported.
Shepard et al. monitored the relative permittivity as a function of applied compressive and
tensile stress on Pb(Zr0.52Ti0.48)O3 thin films. Small, reversible changes in the transverse
piezoelectric coefficient were identified as a function of the applied pressure, indicating at most
modest irreversible domain wall motion [26]. Zednik et al., however, demonstrated that a finite
volume fraction of ferroelectric/ferroelastic domain switching could be induced under applied
stress [13].
In this chapter, in situ XRD was used to quantify 90° domain reorientation as a function
of mechanical boundary constraints. A direct measure of domain reorientation is extremely
valuable for understanding which population of domain walls contributes to the nonlinearity of
PZT films. For instance, in MEMS actuators using the converse piezoelectric effect, knowledge
of domain reorientation would allow designers to understand the field dependence of the strain.
Synchrotron x-ray diffraction techniques have been a useful tool in characterizing domain wall
motion in bulk PZT ceramics and thin films [16], [27], [28]. XRD probes the volume fraction of
domains of different orientations and can therefore be sensitive to the changes in orientation
upon actuation. This technique has been used in the past to measure changes in peak intensities
in films clamped to the substrate [3], [7], [17], [25]. Typical values for volume fraction of
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reoriented domains as a function of electrical poling in bulk, polycrystalline PZT samples are 15
- 25% [27]. This present study provides a quantitative, direct measurement of how the mobility
of ferroelectric/ferroelastic domain walls changes as a function of boundary condition to confirm
conclusions drawn in previous studies regarding the effect of substrate clamping. It was found
that upon declamping the film from the substrate, a systematic increase in the amount of 90°
domain reorientation was observed for increasing released states. The volume fraction of 90°
domains that switched approached the values of bulk PZT of similar compositions [27], [28].
3.1.2 Processing Declamped Films
Thin Film Fabrication
A 1.9 μm thick film of chemical solution deposited (CSD) PbZr0.30Ti0.70O3 (PZT 30/70)
doped with 1% Mn was used for this study. While manganese limits domain wall mobility due to
the formation of defect dipoles (𝑀𝑛′𝑇𝑖 − 𝑉𝑜∙∙ ) which act as pinning centers [29], they also
potentially reduce the likelihood of oxygen vacancy migration, leading to increased lifetime [30].
The 30/70 composition was chosen to ensure the film was tetragonal and that only 90° and 180°
domain walls were present. Additionally, symmetry related reflections in the 30/70 composition
(e.g. 002/200) are far enough apart in order to quantitatively fit the diffraction data with good
confidence. Clean fitting of multiple peaks in the diffraction data for 52/48 films was not
possible, even when the films were deposited Zr/Ti gradient free.
The LaNiO3 (LNO) bottom electrode was deposited on a thermally oxidized silicon
substrate (NOVA Electronic Materials) via CSD. The thickness of the SiO2 layer was 1 µm. The
LaNiO3 solution was made as described in Chapter 3 of this thesis. Since none of the
components are moisture sensitive, the dehydration of powder precursors was skipped. In this
case, a 0.2 M solution was utilized to prepare a layer approximately 20 nm thick when spun at
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3000 rpm, resulting in highly {100} oriented bottom electrodes [31]. Since the conductivity of
LNO changes as a function of thickness [32], the process was repeated until the LNO was ~ 170
nm thick, enabling an electrical resistivity < 2 mΩ cm [32].
Following this, a 0.55 M PZT 30/70 solution doped with 1% Mn and containing 10%
excess PbO (synthesized using a similar process to the LNO) was spin coated onto the
LNO/SiO2/Si stack. Just prior to spinning, 7 vol% acetic acid was added and homogenously
mixed into the solution to reduce the likelihood of precipitation during deposition. After spinning
a layer of solution at 1500 rpm for 45 seconds, the film was heat-treated at 250 °C for 5 minutes
followed by 400 °C for 5 minutes. The long pyrolysis steps were utilized to grow high-density
films of this composition. The films were then crystallized at 650 °C for 1 minute in flowing
oxygen in an RTA. The annealed thickness of each PZT layer was approximately 120 nm, and
the process was repeated until the films were ~1.9 µm thick to ensure an adequate volume of
irradiated film material during the XRD measurements.
A pattern of top electrodes was defined photolithographically. The platinum electrodes
were deposited at room temperature onto the PZT using RF magnetron sputtering. The 1.5 mm x
10 mm electrodes were designed to rotated 15° from the {001} crystallographic plane of the
silicon. This orientation reduced the possibility of observing diffraction from the substrate during
the XRD measurements. Additionally, each electrode had a contact pad offset from the electrode
for the probe to make electrical contact so that the measurements were free of diffraction from
the tungsten probe tip.
Structural and Electrical Characterization
A lab source diffractometer (PANalytical X’Pert Pro MPD) was used to determine the
phase and preferred orientation of the films. The film was verified to be predominately {001}
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textured, as shown in Figure 3.1, with a Lotgering factor of 97%. Field-emission scanning
electron microscope (FESEM) images of the plan view and cross section of the sample show the
film to be crack-free and dense (Figure 3.1). High contrast in the FESEM images was beneficial
in showing porosity which, in lower contrast images, was more difficult to see. Prior to
diffraction experiments, the electrical properties of the films were tested. The film exhibited a
saturated PE-loop (measured with a Radiant Precision Ferroelectric Tester) with a remanent
polarization >23 μC/cm2. The dielectric constant was 475 with a loss of 0.013 (at 100 Hz and 30
mV measured with a Hewlett Packard 4284A LCR meter). The as-deposited films had a leakage
current density <10-7 A/cm2 at three times the coercive voltage (Vc = 12 V, Ec = 63 kV/cm).

Figure 3.1. (a) Diffraction pattern of the film demonstrating strong {001} preferred orientation (b) Top-down
micrograph of the PZT film showing grains with no evidence of secondary phases or cracking. (c) Cross-sectional
micrograph of the film indicating columnar growth of dense PZT on LNO.

Released Structure Processing
In order to release the films via undercutting the substrate, 10 µm x 1.25 mm trenches
were etched through the Pt/PZT/LNO/SiO2 stack to the underlying silicon. Etch pits were
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necessary to expose the substrate so the Si could be removed via an isotropic XeF2 etch, thereby
declamping portions of the film. A schematic of the pattern is shown in Figure 3.2.
The etch pits were photolithographically defined using a multilayer deposition of SPR
955 described in Appendix 1. A total thickness of approximately 12 microns was routinely
achieved and was a suitable etch mask for the materials and thicknesses in question. The etch
pits were dry etched via reactive ion etching (RIE) in a Tegal 6572 RIE tool (Tegal Corporation,
Petaluma, CA). The conditions for the etch recipes are given in Table 3.1. The CF4 gas was used
for the high reactivity of the fluorine with the Ti and Zr and the chlorine gas was used for its high
reactivity with the Pb and Pt [33]. The Ar gas provides a physical etching component which was
especially important for the Pt [33]. Additionally, it is known that LaNiO3 etches well in a Cl2/Ar
based gas chemistry, so the same process was used for both perovskites [34]. The etch steps were
limited to 30-45 seconds to allow the He backside cooling to efficiently reduce the temperature
of the wafer. While the etch rate increased as temperature is increased, the selectivity between
the photoresist and the etched film decreased. Furthermore, if temperatures are increased further,
the resist may reticulate and reflow, ruining the resist as an etch mask.
Following RIE etching, the sample was annealed at 400 °C for one hour to reduce etch
damage (such as hydrogen from the photoresist, which can diffuse into the PZT lattice and
degrade the film properties). This step is critical as the hydrogen can form an [OH-] bond
between the hydrogen ion and oxygen ions in the perovskite structure known to suppress the
switchable polarization [35]. A recovery anneal at 400 °C for at least a half hour has been
demonstrated to allow the hydrogen ions to diffuse out, enabling recovery of a substantial
switchable polarization [36].
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Table 3.1: Etch Conditions Utilized for Sample Processing
Material

Chamber Pressure

Gas Chemistry

Forward Power

Etch Time

Pt

5 mTorr

20 sccm Cl2
40 sccm Ar

300 W at MHz
0 W at kHz

30 seconds
(10 cycles total)

PZT/LNO

5 mTorr

7 sccm Cl2
45 sccm Ar
28 sccm CF4

300 W at MHz
125 W at kHz

30 seconds
(60 cycles total)

SiO2

5 mTorr

50 sccm CF4

300 W at MHz
25 W at kHz

45 seconds
(20 cycles total)

XeF2 release
To release regions of the ferroelectric film, the silicon was isotropically etched using a
Xactix XeF2 e1 vapor etch system (SPTS, Allentown, PA). XeF2 was chosen as it readily etches
silicon with good selectivity compared to the other materials in the stack. XeF2 gas, sublimed
from a solid XeF2 crystal, reacts with the surface of the silicon, forming fluorosilyls (e.g. SiF4).
The fluorosilyls then desorb to form gaseous SiF4 at room temperature [37]. The ability to
perform the etch at room temperature is important as temperature-induced deflection of the
released diaphragm will produce tears in diameters > 100 µm. While in most cases, any native
SiO2 formed post etch can be removed using XeF2, this is not always the case [37]. Therefore, a
short SiO2 etch was performed just prior to the release step in order to remove any native oxide
that may have formed in the etch pit during the post-etch anneal.
A witness wafer was used to gauge when the etch on the real sample would be close to
the desired dimensions. However, the XeF2 etch is very sensitive to the amount of silicon
exposed and the geometry of the etch mask. For example, silicon exposed by etch pits of a
smaller size or a deeper pit demonstrated reduced etch rates than silicon below larger, more
shallow etch pits. Additionally places where more silicon is exposed will use the XeF2 in the
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chamber faster and lower etch rates will be seen in those regions. Therefore, a witness wafer will
experience slightly different etch rates and can only be used as a guideline. The diaphragms on
the real sample were broken post measurements to reveal an actual etch length of 99.7 ± 3.3 m.
The goal of the study was to understand the role of declamping of the substrate by
systematically releasing portions of the film. Control of percentage release was achieved by
spacing the etched trenches in such a way that upon etching the underlying silicon, different
amounts of release were achieved (fully clamped, 25% ± 0.8%, 50% ± 1.6% and 75% ± 2.4% of
material is released from the substrate). A schematic the different etch pit spacings is shown in
Figure 3.2. This technique enabled the same film to be used for all the measurements in this
study, thus minimizing film to film variation, for example, due to other pinning sites such as
grain boundaries and point defects.

Figure 3.2. The electrode release schematic is shown. (a) Electrodes were deposited in groups of four with a small
contact pad to the side for the electrical probes during the in situ X-ray measurements. Different degrees of release
were achieved by changing the spacing between the etch pits on each electrode. (b) Approximately 100 μm width
trenches were then undercut into the silicon using a XeF2 etch.
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The sample underwent 27 total cycles (etch time: 60 seconds, XeF2 pressure: 2 Torr) in
order to etch ~ 100 microns of silicon beneath the etch pits. This process is analogous to that
used in previous reports [4] and a cross sectional schematic is illustrated in Figure 3.2.
3.1.3 Measurement Process at 11-ID-C
XRD measurements were performed at beamline 11-ID-C at the Advanced Photon
Source at Argonne National Laboratory using an energy of 115 keV. The high brilliance of the
X-rays significantly reduced collection times compared to a lab source diffractometer. Piece
parts of the wafer were mounted on a custom built stage. Electrical probes were used to apply
voltage to the electrodes via a Keithley 2410C 1100 V source meter. An HP 4194 LCR meter
was used to check electrical contact. The leakage current density remained below ~ 10-6 A/cm2
for all measurements. The sample was tilted 1° to the incident beam in order to increase the
irradiated area of the sample. The X-ray beam was 500 μm in the horizontal direction and 100
μm in the vertical direction. As such, taking into account the tilt of the sample, the beam had a
footprint on the sample surface of 500 μm x 5.6 mm. The electrode under measurement was
aligned to the beam spot to ensure the resulting diffraction pattern was only from actuated PZT.
The alignment was performed in x, y, z and theta.
The volume fraction of ferroelectric/ferroelastic domain switching in samples with
different release states was then quantified via XRD. Diffraction patterns were measured from
capacitors that were fully clamped to the substrate as well as ~25%, ~50%, and ~75% released
from the substrate. In all cases, individual capacitors were poled using a sequence of electric
fields, shown in Figure 3.3, where increasing voltage was applied in steps of 0.25 Vc up to 1.5 Vc
at which point the voltage was decreased in steps of 0.5 Vc. Following this, the sample was
measured while applying voltage up to 3 Vc in steps of 0.5 Vc and back to zero in steps of Vc. At
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each step, the voltage was applied for 210 seconds, during which time the 2D diffraction patterns
were recorded. The 2D diffraction patterns were calibrated using a powder CeO2 standard to
determine the position of the detector relative to the sample to extract d-spacing values.

Figure 3.3. A schematic of the voltage applied to the sample during the in situ poling study. The voltage was first
increased in steps of 0.25 Vc up to 1.5 Vc. It was then decreased in steps of 0.5 Vc back to 0 V. The second voltage
sweep took the sample up to 3 Vc in steps of 0.5 Vc and then back down to zero in steps of Vc.

3.1.4 Processing Raw Data
The calibration and processing (extracting line profiles from 2D diffraction patterns) was
carried out using Fit2D software (European Radiation Synchrotron Facility, Grenoble, France)
[38]. Prior to data analysis, Fit 2D was used to integrate the intensity of the Debye-Scherrer rings
over a 20 degree sector and convert it into a 1D pattern. For data shown in the present work, the
sector chosen was the vertical direction (close to parallel to the direction of applied field). The
sector was integrated using Fit2D with an integration range of ± 10° azimuthal angle to extract
2θ versus intensity data; these were later converted to d-spacing. Examples of the line profiles
obtained from this procedure are seen in Figure 3.4.
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Figure 3.4. (a) An example of a 2D diffraction pattern with the integrated sector to create a 1D diffraction pattern
outlined. Also shown in the schematic are the radial distances for the PZT and Pt peaks. (b) and (c) show the
processed data of the peak intensity changes of the 200/002 peaks for the clamped (b) and 75% released (c) data.
The error bars are well outside of the observed changes for both release states. The direction of increasing voltage is
shown with an arrow; the lines correspond to 0 V, 12 V, 24 V and 36 V (0 kV/cm, 63 kV/cm, 126 kV/cm and 189
kV/cm, respectively).
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Quantifying the changes in peak intensity and peak shape requires fitting the diffraction
data to profile shape functions. Figure 3.4 shows an example 2D diffraction pattern obtained at
11 ID-C. As is seen in Figures 3.4, there is an obvious change in intensity of the 002 and 200
peaks as a function of electric field. Here, the domain reorientation is observable through the
increase in the 002 intensity and decrease in 200 intensity as voltage is increased. Based on the
data shown, it is clear that films that are partially declamped from the substrate (i.e. 75%
released) show a much stronger change in intensity than in the clamped film, qualitatively
demonstrating a higher degree of domain wall motion in response to electric field in the released
films.
Following the data reduction procedure, the diffraction peaks in the line profiles were fit
using asymmetric Pearson VII functions. The asymmetric Pearson VII provided the best fit for
the {002} PZT peak profile. Symmetric Lorentzian or pseudo-Voigt profiles were not suitable
due to the fact that diffuse scattering associated with the domain structure is observed [39].
Figure 3.5 shows an example of the {002} peak profile and the asymmetric Pearson VII fit.
There can be several sources of diffuse scattering in ferroelectrics, for instance due to strain near
domain walls [39] or spatial variations in the polarization [40], [41]. In this case, the dominant
contribution to diffuse scattering between the 002 and 200 diffraction peaks has been attributed
to strain near the domain walls. Tetragonal ferroelectric perovskites that have {110}
ferroelectric/ ferroelastic domain walls can have strain fields located around the domain wall due
to the distortion of the structure that occurs during cooling through the Curie temperature. A
perfect twin boundary would be strain free, but ferroelectric/ferroelastic domain boundaries have
been shown to have lattice distortions in 5-10 unit cells near the domain boundary for
compositions near the morphotropic phase boundary [42]. Strained domain boundaries have also
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been observed in tetragonal compositions [39], [43] like the ones in the present study.
Furthermore, PZT films processed in a similar manner do not show the asymmetry indicative of
diffuse scattering when the films contain 3-4 vol% porosity, suggesting the dominant
contribution to diffuse scattering is from local strains associated with the domain structure [25].
The resultant diffuse scattering is observable as an increase in intensity between twin-related
reflections. A peak integration procedure was used to provide a reasonable estimate of the
intensity under the peaks in cases in which long tails may contribute intensity to adjacent peaks
[39]. A schematic of the method used to determine the integrated intensity is shown in Figure
3.5. In short, a window of integration is selected. The distance between the two center positions
is defined as 2δ. An analytical integration of each profile is performed between the upper and
lower bounds of –δ and +δ where δ is the distance away from the peak center position.

Figure 3.5. An example of a selection of a 1D pattern taken at the highest voltage (36 V, 189 kV/cm) on a clamped
sample. The dotted black line represents the processed data from the 2D diffraction pattern while the grey line shows
the fit with an asymmetric Pearson VII function. The grey line is the summation of the two individual peak fits
which represent the PZT 200 and PZT 002 peaks. The center positions of each peak (indicated by a short line
intersecting the middle of the peak) are used to determine how wide the window of integration should be. The width
of the window is defined by assigning 2δ as the distance between the two peak centers. The integration is then
performed with limits of –δ to +δ where δ is the distance away from the center of the peak. The background is not
included in the integrated intensity.
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3.1.5 Volume Fraction Calculations
The amount of domain reorientation as a function of applied field was quantified based
on the intensity changes of related twin peaks [27], [44]. To calculate the volume fraction of 002
domains, ν002, in tetragonal PZT ceramics, Equation 3.1 is used. Here, the term 𝐼ℎ𝑘𝑙 is the
′
integrated intensity of the given hkl reflection and 𝐼ℎ𝑘𝑙
is the reference intensity from the powder
′
′
diffraction file (𝐼002
= 109 , 𝐼200
= 249 ) [45]. By using the ratio of the integrated intensity over

a reference intensity, the differences in the structure factors for 200 and 002 reflections were
taken into account. Additionally, the {200} peak includes both 200/020 reflections. As a result,
when calculating the volume fraction of 200 domains, a factor of two must be inserted into the
numerator to account for this multiplicity (which is already factored into the powder diffraction
file). Equation 3.2 shows the modified equation for the 200 domains.

𝜈002 =

𝐼002
′
𝐼002

Equation 3.1

𝐼002
𝐼
+ 2 200
′
′
𝐼002
𝐼200
Equation 3.2

𝐼200
′
𝐼200
=
𝐼002
𝐼
+ 2 200
′
′
𝐼002
𝐼200
2

𝜈200

The volume fraction of 002 domains for each state of release for the first cycle can be
seen in Figure 3.6. This gives important information regarding the initial state of the domains. In
PZT 30/70 thin films deposited on silicon substrates, the domain structure is not random. Instead,
there is a preference for the polarization (along [001]) to lie in plane due to the tensile stress
imposed by the substrate-film thermal expansion mismatch [23], [24], [46]. The volume fraction
of reoriented domains, η, is relative to this initial domain state. In <100> perovskite single
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crystals, the highest amount of domain reorientation from a sample with an originally random
domain population is η=0.67; however in thin films, the initial ν002 is smaller than in bulk
ceramics. Thus, there is increased opportunity for domains to reorient that is coupled to the
initial ν002.
While it is accepted that domain wall motion is clamped by the substrate [3], [4], [13], it
is unclear whether or not domain wall motion increases in released films because the height of
potential wells is decreased or because the domain wall density is reduced in released films [4].
In this data, the ν002 is approximately the same (24.4% ± 0.33%) in the unpoled material for all
states of release. If the domain wall density were to decrease in released films, it is expected that
the initial volume fraction of the 002 domains would change. As this doesn’t happen, the data
supports the claim that domain walls are more mobile in released films, as the clamping from the
substrate which imposes large barriers to domain wall motion is removed.

3.1.6 Quantification of Domain Reorientation
For thin films, since the film starts with a preferred domain state, the volume fraction of
reoriented domains, η, can be calculated using the initial zero field measurement as show in
Equation 3.3.

𝜂002 = (

𝐼002
′
𝐼002

𝐼002
𝐼
+ 2 200
′
′
𝐼002
𝐼200

)−(

𝐼002
′
𝐼002

𝐼002
𝐼
+ 2 200
′
′
𝐼002
𝐼200

0 𝑓𝑖𝑒𝑙𝑑

Equation 3.3

)

Here, the zero field measurement is the volume fraction of 002 domains in the unpoled state.
Since the experiment cycled through two voltage sweeps, the data for the second cycle shown in
Figure 3.6 are offset from zero, accounting for the hysteresis from the initial cycle.
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Figure 3.6. (a) The volume fraction of 002 domains for the first cycle for different release states. (b) The volume
fraction of reoriented domains for the first cycle up to 1.5 Vc (black) with the second cycle up to 3 Vc (red) in the
75% release sample. (c) The volume fraction changed (η002) of the 002 peak as a function of voltage for the 4 films
under different release states. Voltages as high as 3 Vc were applied to the films.
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The volume fraction of domains that were reoriented in response to applied voltage is
shown in Figure 3.6. In Figure 3.6b, both cycles of voltage are shown for the 75% released
sample while Figure 3.6c shows the volume fraction of domains changed in the second voltage
cycle for each state of release. Because the intensity of the symmetry-related reflections is
approximately conserved and the fact that η002 and η200 are not independent, either η value is
valid. Here, the intensity change in the 002 peak was inspected. The η increases with the amount
of release for a given applied voltage; this is direct evidence that there is more 90° domain
reorientation in released films (presumably due to higher mobility of the 90° domain walls). Due
to the low intensity of the 002 reflections at low applied field, which can be seen by the 0 V scan
in Figures 3.4 b and c, the uncertainty associated with the integrated intensity (calculated using
error propagation) was high. Here, the confidence in the observed trends is based on the changes
in the intensity observed in the data and the fact that those changes are outside the error bars, as
is seen in Figure 3.4.
The amount of 90° domain reorientation as a function of applied electric field shows an
increase with release state for a particular voltage. When the voltage was increased beyond a
critical value, the elongated diaphragms cracked [4]. This was observed with an optical
microscope during the in situ XRD measurements. In this work, the elongated diaphragms were
monitored during the measurements and the voltage at which they started to crack was noted.
Since the elongated diaphragms have a long beam-shaped etch pit, they tended to crack at the
ends of the trench. Though the cracks are outside of the irradiated portion of the electrode, the
change in the sample’s strain state is reflected in the amount of domain wall motion. When the
elongated diaphragms cracked, typically at voltages >18 V (94.7 kV/cm), the field dependence of
η increased for the released electrodes; this slope change was not observed in the clamped
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electrode, consistent with the absence of cracking. As the film is released from additional
mechanical boundary constraints from the substrate, the amount of 90° domain reorientation is
increased further. This is consistent with work by Griggio et al. where upon breaking the
released diaphragms, a larger irreversible Rayleigh component was observed [4].
It was determined that the highest amount of domain reorientation was in the 75%
released film with η002 ~ 0.26. This value for η is on the order of domain volume fraction
changes in bulk PZT ceramics of similar composition [27], [28]. An as-deposited film on silicon
has tensile in-plane stress, which results in a greater number of a-domains than bulk PZT
ceramics. Because of this, there are more a-domains that can be switched with applied field.
Thus, it is not surprising that even for declamped films that are <100% released, the film
ferroelectric/ferroelastic switching is comparable to that for a bulk ceramic.
An extrapolated η for a fully released film was calculated and is shown in Figure 3.7. It is
found that the data demonstrates an approximately linear relationship between the degree of
release and η002 at the highest applied field. Assuming linearity, an extrapolation to a fully
released film is possible. Using this model with the maximum values (which represent cracked
released structures), it is predicted that a fully released film would reorient approximately 32%
of the 90° domains.
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Figure 3.7. Volume fraction of domain reorientation at the maximum voltage (3V c) applied for clamped, 25%, 50%
and 75% released samples. A best fit line (R2 value > 0.96) was used to extrapolate the volume fraction changed in a
fully released sample; this corresponds to approximately 32% volume fraction reorientation.

The percent of domains that revert back to the original domain state (i.e. which will
govern the remanence in η) when the field is removed was also found to decrease with degree of
release. As the field is removed from the capacitor, some domains that reoriented to align with
the electric field revert, or backswich, to an a-domain state. It is thought that the mechanical
boundary constraints which initially determine the domain configurations would increase the
driving force for domains to relax back into those positions. Therefore, it is expected that as the
mechanical boundary constraint is removed, there would be less driving force for the domains to
reorient back to the original configuration. As the material reaches 50% release, there is a
marked decrease in the amount of backswitching. For clamped and 25% released electrodes,
about 56% of the domains oriented by applied fields relax back into the a-domain state, and for
the 50% and 75% released films, only approximately 44% of the reoriented domains relax back.

3.1.7 Summary of Effect of the Substrate on Clamping Domain Wall Motion
Synchrotron X-ray diffraction was used to monitor 002-200 type reflections as a function
of both applied voltage and the degree of release in tetragonal PZT thin films. It was found that
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as the mechanical boundary imposed on the film is removed, domain reorientation increases.
This suggests that enhanced piezoelectric coefficients should be observed upon declamping due
to increased probability of ferroelectric/ferroelastic domain wall motion. As the amount of
release increased from fully clamped to 75%, η for the film approached η values observed in
bulk ceramics. These results provide direct evidence that substrate clamping plays a substantial
role on the amount of domain reorientation observed in tetragonal PZT thin films.

3.2 Investigating the Role of Geometry of Release
3.2.1 Motivation
While many groups have studied the effect of substrate release on the ferroelectric
response of PZT thin films, different methods are utilized for the release, which creates another
variable (device geometry) which may affect the results. In order to better understand the role of
the substrate in both restricting domain reorientation and controlling the strain state of the film,
different device geometries and release methodologies were studied.
Release via a XeF2 etch is a common method for undercutting silicon substrates [4],
[47]–[49] and was used in the work reported in section 3.1. However, reports on the ferroelectric
behavior of released films differ depending, on part, on the geometry of the released region. In a
virtually identical experiment to the one described previously in this chapter, Esteves et al.
showed that {111} oriented PZT30/70 films exhibited no increase in domain reorientation when
the film was 75% released from the substrate compared to a clamped case [49]. While this is
likely primarily due to the {111} orientation of the PZT, which has a domain-engineered domain
configuration that reduces the propensity for domain switching (and thus domain reorientation
should change less based on clamping to the substrate [50]), it cannot be ruled out that the
geometry of release also played a role.
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Yeager et al. showed only modest increases in the irreversible Rayleigh coefficient, α,
when a circular shaped diaphragms were released [48]. The films in that study were 1.17 µm and
1.64 µm thick, undoped, {001} oriented PZT 52/48 with an average grain size of approximately
200 nm. The Lotgering factors for these films ranged from 80-90%. Upon the local release of the
PZT thin film, almost no change in α was seen. Furthermore, upon breaking of the diaphragms
and achieving a globally released device, the α coefficient increased only by a factor of two [48].
This is in contrast to the work shown in section 3.1, as well as reports of declamping via
patterning an epitaxial {001} film into island structures [51] and the work by Griggio et al. [4].
As the work by Griggio et al. also had high {001} texture (Lotgering factor ~ 98%), it is not
expected that these differences are a result of orientation. While some of these differences are
likely due to the differences in the film itself, some discrepancy could be a result of different
release geometries.
Additionally, there is work indicating that the overall strain state of the released region,
determined via the geometry, is a critical component influencing the ferroelectric response.
Yeager et al. showed finite element analysis for a fully released cantilever tab and island
structures which indicated that restoring stresses associated with residual stresses will depend
strongly on the specific geometries of the device [48]. This was further supported by his
Rayleigh analysis, the results of which for a 1.17 µm, predominately {001} oriented, film, is
presented in Table 3.2. Here, the increased restoring forces in the diaphragm structure cause the
dielectric response to have no increased domain reorientation, which would result in a higher
value of alpha. However, in the tab structure, depicted in Table 3.2, there is a 28% increase in the
alpha coefficient when compared to the clamped alpha. This indicates that there is substantially
more irreversible domain contribution to the properties of the tab structures.
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Table 3.2. Effect of Geometry on Rayleigh Coefficients in Previous Work [46]

Clamped

Diaphragm (Undercut)

Tab (Released)

Clamped

Local Release

Global Release

Area under the electrode
is completely attached to
the substrate

Substrate is removed beneath
the electrode but the film is
not free to deform upon
actuation due to the
diaphragm stresses

Substrate beneath the
electrode is completely
removed and the actuated
film is able to deform

1082

1051

988

26.06

24.09

33.4

Geometry

Release
State

Description
ɛinit
(@ 1 kHz)
α (cm/kV)
(@ 1 kHz)

In order to better understand the previous data in the context of the literature, it would be
useful to have a measure of domain reorientation for release using different geometries. Domain
reorientation is explored in samples with an elongated beam geometry (described in section 3.1)
and also a circular geometry, where the substrate is etched from underneath the film using
circular etch pits. This circular geometry is closer to what was used by Esteves et al., Griggio et
al., and Yeager et al. and will provide a better understanding of the causes of discrepancies
between previous reports.
3.2.2 Processing of Thin Films with Hole and Beam Geometries
A 1.77 μm thick film of chemical solution deposited (CSD) PbZr0.30Ti0.70O3 (PZT 30/70)
doped with 1% Mn was used for this study. The film was deposited on a thermally oxidized
silicon wafer (NOVA Corporation) where 130 nm of Ti had been sputter deposited as the
adhesion layer and the bottom electrode Pt was sputtered, at room temperature, on top of that.
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Previous work by Fox et al. demonstrated that as the thickness of the titanium adhesion layer
underneath the Pt electrode is increased, the Pt {111} texture is decreased [52]. As PZT texture
can be templated from the underlying Pt, this leads to incompletely oriented films where
different PZT reflections have similar intensities. This film was selected for the geometry of
release experiments because both the processing and the subsequent synchrotron measurements
were performed at the same time with the same tools for both geometries. An example
diffraction pattern taken at the synchrotron showing the film orientation is shown in Figure 3.8.

Figure 3.8. X-ray diffraction pattern taken from the incompletely oriented film at the synchrotron (λ=0.10801 Å)

The as-deposited films were dense and while the top down FESEM micrograph shows
small amounts of surface pyrochlore, the overall volume of the second phase is small compared
to the perovskite phase and is evenly distributed across the wafer. As such, comparisons between
different electrodes on the same wafer are possible. The top down and cross-sectional FESEM
micrographs are shown in Figure 3.9. Additionally, the electrical properties of the as-deposited
films show good characteristics, indicating they are not significantly influenced by any surface
pyrochlore. The remanent polarizations are > 30 µC/cm2 and the dielectric constant is 510 with a
loss of 2.1% measured at 1 kHz and an ac signal of 30 mV. The leakage current density,
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measured at three times the coercive voltage for 20 minutes, was below 1x10-7 A/cm2 with no
degradation of the material (Vc = 12 V, Ec = 68 kV/cm). Examples of the electrical data can be
found in Figure 3.9.

Figure 3.9. (a) top down and (b) cross-sectional FESEM micrographs. A small amount of pyrochlore exist on the
surface but it is evenly distributed. The cross section shows good density. (c) leakage current density and (d)
polarization versus field (P–E) loops. The P–E loop was taken at 10 Hz.

Two geometries of release were investigated, one geometry, as described in the above
sections, where the etch pits are shaped into 10 µm x 1.25 mm beams, and one where the etch
pits were 10 µm diameter circular holes. The RIE etch recipes are identical to the ones described
previously. In both cases, 100 µm of underlying silicon was etched away beneath the bottom
electrode to form elongated diaphragms and circular diaphragms. Schematics of the different
geometries are shown in Figure 3.10.

96

Figure 3.10. Schematic showing the two different geometries of release investigated in this study. Circular shaped
etch pits (holes) with resulting circular diaphragms (the diameter is indicated with the dashed line) and beam shaped
etch pits (beams) with elongated diaphragms.

The measurement methodology utilized was identical to the process outlined previously,
including the voltage application sequence. The leakage current density was monitored during
irradiation and remained below ~ 10-6 A/cm2 for all measurements. In this case, electrodes 75%
released from the substrate with either the hole or beam geometry were measured in addition to a
clamped electrode.
3.2.3 Investigation of 112/211 Reflections
An example 2D diffraction pattern measured at 11-ID C is shown in Figure 3.11. To
obtain 1D diffraction patterns, the raw data were integrated over a sector of interest. Using Fit
2D, a 20° sector parallel to the electric field was investigated.

Figure 3.11. An example of a 2D diffraction pattern for the incompletely oriented sample with 130 nm of TiO2
beneath the bottom electrode. The integrated sector to create a 1D diffraction pattern is outlined and PZT/Pt peaks
are labeled.
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Example line profiles from clamped, 75% released films using a hole geometry, and 75%
released films using a beam geometry, are shown in Figure 3.12. Because of the texture of this
film, the 112/211 peaks were considered. The intensity of these peaks was large and the peaks
were further apart than PZT reflections at lower 2θ values. By inspection, it is not clear if there is
an appreciable increase in domain reorientation in the electrodes released via the hole geometry
when compared to the domain reorientation seen in the clamped sample. On the other hand, there
is substantially more domain reorientation in the sample released via the beam geometry.

Figure 3.12. Line profiles extracted from the 2D diffraction patterns for clamped, hole released, and beam released
PZT films. While clamped and hole released electrodes show similar amounts of domain reorientation between 0 V
and 36 V, there is a noticeable increase in domain reorientation in the beam release geometry.

For a quantitative analysis of the intensity exchanges, diffraction profiles were fit using
Mathematica. Several different fitting functions were investigated but it was found that two
Lorentzian functions fit the 112/211 peaks well for all geometries of release and voltages. An
example of one such peak fit is shown in Figure 3.13.
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Figure 3.13. An example of the data fitted with two Lorentzian functions for the sample released via beam geometry
at 3 Vc

The use of symmetric functions simplifies the calculation of the integrated intensity and
is usable for this case due to the lack of diffuse scattering between these peaks. In this case, the
integrated intensity was calculated using an analytical integration of the fitting function from -∞
to +∞. The integral for the integrated intensity for the Lorentzian functions is shown in equation
3.4.
+∞

∫
−∞

2
𝐹𝑊𝐻𝑀
𝐴𝑚𝑝 (
) 𝑑𝑥
𝜋 4(𝑥 − 𝑥0 )2 + 𝐹𝑊𝐻𝑀2

𝐴𝑚𝑝
𝐹𝑊𝐻𝑀
𝑥0
𝑥

Equation 3.4

Amplitude of the fitting peak
Full width half max of fitting peak
d-spacing of center of fitting peak
d-spacing

3.2.4 Volume Fraction Calculations for 112/211 Peaks
The volume fractions of 211/112 domains were calculated using the integrated intensities
and the same methodology described previously. The equation for the volume fraction of 112
domains is shown in Equation 3.5.
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𝜈112 =

𝐼112
′
𝐼112

Equation 3.5

𝐼112
𝐼
+ 2 211
′
′
𝐼112
𝐼211

′
𝐼ℎ𝑘𝑙 is the integrated intensity while 𝐼ℎ𝑘𝑙
is the reference intensity from the powder diffraction file
′
′
(𝐼112
= 138 , 𝐼211
= 332) [45]. Due to the difference in thermal expansion coefficient, the tensile

stress imposed on the film increases the volume fraction of {211} domains with respect to 112.
The volume fractions of the 211/112 domains for the first voltage cycle of the three electrodes
probed is shown in Figure 3.14.

Figure 3.14. The volume fraction of 211/112 domains as a function of voltage. The clamped electrode and the
electrode released via the beam geometry (beams) show similar initial domains volume fraction, while the electrode
released via the hole geometry show a different volume fraction.

While the clamped electrode and the electrode released with a beam geometry show
similar initial volume fractions, the electrode released with the hole geometry shows an increased
volume of 112 domains. The reason for this is unknown though it was not expected as it was
seen previously that releasing the film did not change the initial volume fraction. The difference
in initial volume fraction is not expected to have influenced the domain reorientation discussed
below. Separate data corroborating this is presented at the end of this section.
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3.2.5 Quantification of Domain Reorientation for Different Geometries
The volume fraction of reoriented domains at a specific voltage, η, was calculated using
the initial zero field measurement as shown in Equation 3.6. As mentioned previously, this
accounts for the initial domain state imposed by the substrate.

𝜂112 = (

𝐼112
′
𝐼112

𝐼112
𝐼
+ 2 211
′
′
𝐼112
𝐼211

)−(

𝐼112
′
𝐼112

𝐼112
𝐼
+ 2 211
′
′
𝐼112
𝐼211

0 𝑓𝑖𝑒𝑙𝑑

Equation 3.6

)

As the overall population of 211/112 domains is conserved, the percentage of domains reoriented
is the same for both reflections. Here, the 112 domain reorientation will be discussed. Each
electrode was electrically excited in two voltage sweeps. The first sweep increased the voltage to
1.5 Vc, where the diaphragms remain intact, and the second sweep increased the voltage to 3 Vc,
where diaphragms broke. The domains reoriented, η112, for the first voltage cycle for the three
states of release is shown in Figure 3.15.

Figure 3.15. The volume fraction of 112 domains reoriented with applied field for the first voltage cycle where the
structures are locally released.
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The amount of domain reorientation seen in the clamped electrode compared with the
electrode released via the hole geometry is very similar at 1.5 Vc. The two electrodes show about
7 vol% domain reorientation at high voltage. In contrast, the percentage of domain reorientation
experienced by the film released by the beam geometry is increased by approximately a factor of
two to 14 vol%. Additionally, in the film released by beams, ~ 7 vol% of the switched domains
retained their switched state when the field was removed, compared to ~2-3 vol% in the clamped
film and the film released by holes.
To better understand the difference in stress state between the two release geometries,
models estimating the strain relaxation were generated in COMSOL. For the circular and
elongated beam diaphragms, the released region (100 µm in diameter) was modeled using
material data found in Table 3.3.
Table 3.3 Materials Properties Used for COMSOL Models
Material

Thickness

Young’s Modulus

Poisson Ratio

PZT-5H
Pt
TiO2
SiO2

1.77 µm
100 nm
300 nm
1 µm

85 GPa
168 GPa
230 GPa
70 GPa

0.26
0.38
0.27
0.17

Initial Stress:
𝜎11 = 𝜎22
150 MPa [53]
1200 MPa [53]
500 MPa [54]
-150 MPa [55]

The model was made using a 2D mesh of tetrahedral elements that was propagated from
the base to the surface of the membrane with four partitions for the different layers. The outer
perimeter, where the film is connected to the silicon substrate, was set as a fixed boundary
condition. The etch pit perimeter, where the material is free to deform, was set as a free boundary
condition. As previously discussed, the higher thermal expansion coefficient of the PZT places
the film in tensile stress when fabricated on silicon. As a result, when the residual tensile stress
in the film is removed, the release sections curls. Thus, the z-displacement shown from the strain
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relaxation plots is an indication of how much in-plane stress still exists in the structures post
release. The resultant z-displacements from the strain relaxation for the two geometries
investigated are shown in Figure 3.16. The maximum z-displacement due to the strain relaxation
seen in the beam diaphragm is an order of magnitude larger than the displacement in the circular
diaphragms. At the free boundary perimeter, the maximum displacement seen in the elongated
beam structures is approximately 0.78 µm while it is only 0.05 µm at the edge of the etch pit for
the circular structure.

Figure 3.16. Finite element models of the z-displacement of the released areas of the circular and elongated beam
diaphragms. The maximum displacement seen in the beam diaphragm is an order of magnitude larger than the
displacement due to strain relaxation seen in the circular diaphragm.

The elongated beam geometry has a much higher degree of strain relaxation because of
the larger amount of material next to the free boundary condition, where the structure is free to
deform. Because of this, though the overall area of released region is the same for the two
geometries, the beam geometry has a higher released perimeter where pinning of domains due to
film stress is reduced.
The circular diaphragms are comparatively flat, even at the released boundary. Thus, it is
clear that the in-plane stresses from fabrication are not well relieved in this geometry. In contrast,
the larger deflection in the beam diaphragms with elongated etch trenches reduces the in-plane
stresses. This information, coupled with the X-ray diffraction data, suggest that the in-plane
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stresses from the fabrication plays a large role in the magnitude of domain reorientation, even
upon release.
It should be noted that the zero field COMSOL models are no longer descriptive when
the films are taken to high enough voltages to break the diaphragms (> 1.5 Vc for these 1.77 µm
thick films with 100 µm wide cavities). Once the diaphragms break, the released segments act
more similarly to cantilevers and the in-plane stresses should be partially relieved. However, as
is shown in Figure 3.17, the films released via the hole geometry do not show an increase in
domain reorientation compared to the clamped electrodes even beyond the voltage where some
breakage occurs. At 3 Vc the clamped electrode and the electrode released by holes show similar
amounts of domain reorientation. The beam electrode shows about 20 vol % more domain
reorientation at high field than the clamped electrode.. Additionally, upon release of field about
half the reoriented domains in both the clamped electrode and the electrode released via holes
relax back. In contrast, the beam geometry shows only a modest relaxation of domains, with only
about one quarter of the reoriented domains back switching.

Figure 3.17. Reorientation of the 112 domains for three different geometry release states upon the second voltage
sweep up to 3 Vc.
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This was unexpected based on the strain relaxation observed in the COMSOL models.
Once the diaphragm breaks, increased strain relaxation should occur. However, the circular
diaphragms have some variability in the way they break, as demonstrated in Figure 3.18. This
will have an effect on the membrane tension and the overall strain state of the diaphragm. Yeager
et al. showed that the irreversible Rayleigh coefficient, α, varied substantially depending on how
the circular diaphragms broke - as the number of tears increased, so did alpha. It was found that
upon sectioning the diaphragm into four sections, almost a two times increase in alpha was
observed, compared to an unbroken one. However, only about a 1.5 times increase in alpha was
seen for a diaphragm with two splits [48]. Similarly, not every diaphragm breaks at V > 1.5 Vc,
and, after a voltage excursion up to 3 Vc, there is some distribution of unbroken/broken
diaphragms.

Figure 3.18. A schematic showing possible symmetrical breakage patterns of the circular diaphragms. The
schematic shows (from left to right) a fully intact membrane and then ones with two, three and four splits.

The diaphragms were observed through an optical camera during actuation and displayed
visual characteristics consistent with breakage at high voltage. However, given the low
resolution of the camera, it could not be determined during the experiment how the diaphragms
sectioned during the breakage. As such, it is difficult to speculate on the overall release state of
the electrode and this may be at least part of the reason why these data differ from the reports of
Griggio et al. and Yeager et al. However, after the in situ experiments, it was found that a
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majority of the diaphragms sectioned into two parts. Few diaphragms were sectioned into three
regions and no diaphragms were found to be sectioned into four.
Additionally, the material stacks in these three studies are not the same. Both Yeager et
al. and Griggio et al. used substrates with thinner layers of SiO2 under the film (100-200 nm)
whereas in this study, 1 µm of SiO2 was used [4], [48]. The thicker SiO2 may also retain some of
the stress and increase the pinning of domains.
Another possible explanation for the difference in data is the difference in composition.
The experiments by Griggio et al. and Yeager et al. were performed on compositions at the
morphotropic phase boundary (MPB), PZT52/48, while these data are from tetragonal PZT30/70
films. PZT films at the MPB have a higher density of domain walls than tetragonal PZT films,
and as a result, can release residual stresses more easily due to increasing domain complexity
[56]. Additionally, the PZT 30/70 films used here were doped with 1% Mn, which has been
shown in bulk PZT to harden the material and make domain wall motion more difficult [29].
These differences may also contribute to the reduced 90° domain reorientation seen in this study.
While the electrode released via the hole geometry showed a different initial volume
fraction of domains, it is not expected that this is responsible for the reduced domain
reorientation seen in the circularly released electrodes. In similar measurements performed on
{001} textured gradient free PZT30/70 films with electrodes released via a hole geometry, no
significant difference in the initial volume fraction was detected. The integrated data for this is
shown in Figure 3.19. These films started out with approximately the same initial volume
fraction of 002 domains (~15-17%). During voltage cycling, both clamped and released films
show comparable amounts of domain reorientation. Therefore, the difference in initial volume
fraction in the previously discussed randomly oriented film is not expected to have skewed the
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data. It is clear from these corroborated results that films released via a circular geometry do not
show increased domain reorientation compared to clamped films.

Figure 3.19. Integrated data from clamped and 75% released, 640 nm thick {001} oriented gradient free PZT 30/70
films. The 75% released electrode was released using a circular geometry. Both clamped and released films show
comparable amounts of domain reorientation.

3.2.6 Summary of Effect of the Geometry on Clamping
Synchrotron X-ray diffraction was used to monitor the 112/211 reflections as a function
of applied field to investigate the dependence of domain reorientation on the geometry of a
released region. It was found that the geometry of the released region plays a significant role in
the ability of ferroelastic domain reorientation. This helps to shed light on some of the
differences in domain mobility reported in the literature. In electrodes where the substrate was
removed in a circular diaphragm geometry, the amount of domain reorientation with applied
field was nearly the same (only differing by 3 vol%) as the amount of domain reorientation
expressed by the clamped electrode. This is in contrast to domain reorientation measured on
samples in which the same percentage of the substrate was removed but in the geometry of
elongated beams where approximately 20 vol% more domains were reoriented with applied field

107

than in the clamped electrode. Here, the domain reorientation up to 1.5 Vc was measured to be
twice that of the clamped/hole released electrodes. This was shown to be due to the presence of
in-plane stress which was not fully relieved upon the removal of the Si substrate. In release
geometries where the perimeter of the free boundary is small, such as the case with the hole
geometry, this stress dominates and suppresses domain reorientation.

3.3 Effect of the Elastic Properties of the Substrate on Domain Reorientation
3.3.1 Motivation to Investigate Domain Reorientation on Alternate Substrates
The previous results in this chapter focused on domain reorientation in tetragonal PZT
films deposited on silicon substrates. However, for some applications, such as a next generation
X-ray telescope, alternative substrates are of interest [57]. Thus, it is useful to understand how
the domain response changes for different substrates.
As seen in section 3.2, the in-plane stress in the film is a major contribution to clamping
domain wall motion. When the substrate was removed but the in-plane stress was still present,
the film was not free to relax or deform and, as a result, less domain reorientation was observed.
Tuttle et al. showed that the initial volume fraction of domains is determined by the difference in
thermal expansion coefficients between the film and the substrate as well as the temperature
range between the crystallization temperature and the Curie temperature [24]. In order to change
the volume fraction of domains, the film must bow to accommodate the strain at field. The
amount of static wafer bow at zero field is represented by the radius of curvature, the equation
for which is given below [58]
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Equation 3.7
1 6𝐸𝑖 𝑡𝑖 (𝛼𝑖 − 𝛼𝑠 )∆𝑇
=
𝑟𝑖
𝐸𝑠 𝑡𝑠2
𝑟𝑖
𝐸𝑖
𝑡𝑖
𝛼𝑖
𝛼𝑠
∆𝑇
𝐸𝑠
𝑡𝑠

Curvature of film
Elastic modulus of film
Thickness of film
Thermal expansion coefficient of film
Thermal expansion coefficient of substrate
Temperature between crystallization and
transformation
Elastic modulus of the substrate
Thickness of the substrate

This equation shows that the radius of curvature is directly proportional to the elastic modulus of
the substrate. As voltage is applied to either of these substrates, due to the d31 coefficient of the
piezoelectric, the film/substrate stack will attempt to increase the bow/radius of curvature. A
stiffer substrate will resist the shape change more than one with a lower elastic modulus.
Presumably this clamping of the film, imposed by the substrate, pins domains by increasing the
activation energies in the energy landscape. Thus, it follows that by changing the elastic
properties of the substrate, the propensity for field-induced domain reorientation should also
change.
However, there are relatively few studies in the literature which focus on ferroelectric
properties as a function of the elastic properties in the underlying materials stack. It has been
reported that PZT bilayers demonstrated an increase in piezoelectric properties when a tetragonal
PZT thin film when fabricated on top of a rhombohedral PZT; this was proposed to decouple the
film from the mechanical boundary constraints of the substrate [20].
Even beyond the utilization for different elastic layers, there are no studies which
investigate the role of ferroelastic reorientation for films on different substrates. Thus, to provide
more information about how the elastic constraints of the substrate affect domain wall motion,
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two films were prepared on substrates with different elastic properties. In situ XRD was then
used to assess how the substrate effected the ability of the domains to reorient. This was then
linked to ferroelectric and piezoelectric properties of the films.
3.3.2 Solution Processing on Silicon and Glass Substrates
In order to study the effect of the elastic properties of the substrate on domain
reorientation, 950 nm thick films of CSD PZT30/70 doped with 1% Mn were deposited on two
platinized substrates, silicon and Corning Eagle glass. A thermally oxidized silicon substrate
(NOVA Corporation) was selected and a bottom electrode of 30 nm Ti/100 nm Pt was sputter
deposited on the two substrates at 150 °C. This method has been shown to produce bottom
electrodes with good adhesion to the glass substrate. Following this, the PZT solution was spun
onto the wafers using the process described in Chapter 3. The same number of solution layers
was used for both substrates.
The lower thermal conductivity of the glass sample required minor alternations in the
thermal cycle experienced between the two films. The film grown on silicon had two five minute
pyrolysis steps and a 1 minute crystallization step, identical to the thermal cycles used for the
above experiments. Due to the lower thermal conductivity of the glass substrate, however, the
pyrolysis steps were increased to 10 minutes each to ensure good density. While this was enough
to densify the films, it was found this thermal treatment, with only a 1 minute crystallization
step, did not vaporize excess Pb as efficiently in the films on glass. As a result, these films
experienced increased leakage and lower breakdown fields. Increasing the crystallization time to
2 minutes reduced this problem and made the films suitable for testing. Top down and crosssectional FESEM micrographs, Figure 3.20, show phase pure PZT films with good density. Both
films were crystallized at the same temperature, 650 °C.
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Figure 3.20. FESEM micrographs of the film on glass (a, b) and on silicon (c, d)

The films were not fully textured although both show predominately 101/110 peaks, as
shown in Figure 3.20. The difference in film texture will give rise to a difference in the
intergranular stress experienced upon application of electric field. This stress will provide a
restoring force upon release of field in addition to the restoring force provided by the substrate.
Intergranular stress has previously been shown to contribute to the field dependence of the
piezoelectric strain in polycrystalline ceramics; as one grain strains upon actuation, it puts a
stress on neighboring grains of different orientations [59], [60]. Here, both films are fiber
textured, so this effect should be reduced compared to bulk ceramics. As the film on silicon has a
larger distribution of grain orientations, an increased field dependence of the intrinsic component
would be expected for this film. The additional strain due to this stress will also be reversible and
will be observed mainly at high fields. Additionally, as both films are expected to experience
some degree of intergranular stress upon actuation, this effect is expected to be less important
than the difference in elastic modulus between the two films.
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The as-deposited films show good electrical properties on the long strip electrodes. As
mentioned previously, due to the difference in Pb volatilization seen on the two substrates, the
films on glass showed electrical characteristics consistent with small amounts of excess Pb.
While the leakage current density was low enough to enable X-ray diffraction measurements, it
was higher for the films on glass than those on silicon. However, both exhibit well saturated P–E
loops with remanent polarizations > 25 µC/cm2 and a dielectric constant of 445 (silicon) and 380
(glass) with a loss of < 2% when measured at 1 kHz with an ac signal of 30 mV. The electrical
data on the as-deposited films is shown in Figure 3.21. The squarer loops for the films on glass
suggest a lower residual tensile stress state.

Figure 3.21. XRD plots of the films on silicon and glass (top, λ=0.11798 Å) and the P–E loops for both films
showing slightly higher Pr and Pmax for the film on glass.

112

The measurement set up at beamline 11-ID-C is the same as described previously.
Because there are no released structures in this study, the two voltage cycles were not necessary.
The voltage was increased in steps of 0.5 Vc (Vc ~ 7 V, Ec ~ 73 kV/cm for the film on silicon, Vc
~ 6 V, Ec ~ 63 kV/cm for the film on glass) up to 3 Vc and then decreased in steps of 1 Vc, as
seen in Figure 3.22. Again, the leakage current density was monitored during irradiation and
remained below ~ 10-5 A/cm2 for all measurements.

Figure 3.22. Voltage sequence experienced by the films used for investigating the role of the elastic properties of
the substrate on domain reorientation with applied field.

3.3.3 Processing Raw Data for Films on Silicon and Glass Substrates
The example 2D diffraction patterns given in Figure 3.23, show the integrated sector data
(parallel to the electric field) that was used for these experiments.
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Figure 3.23. A 2D diffraction patterns for the films on glass (left) and on silicon (right). There is a larger intensity in
the center of the 2D pattern for the film on glass because of the amorphous substrate. The integrated sector to create
a 1D diffraction pattern is outlined and the PZT/Pt peaks are labeled.

Example line profiles from the two substrates are shown in Figure 3.24. Both films have
intense 101/110 peaks and so these reflections were used for comparison. Both extracted line
profiles shown in Figure 3.24 demonstrate clear domain reorientation with field.

Figure 3.24. Line profiles extracted from the 2D diffraction patterns at 0 V and 3 V c for the films on both substrates.

A comparison regarding domain reorientation in these films was performed after fitting
the diffraction profiles. Several profiles were investigated using Mathematica; the best fit for
both films at all voltages was achieved using two pseudo-Voigt functions in which the full width
half max (FWHM) is constrained to be the same between the two reflections. As the FWHM will
be dependent on the size of the coherent diffraction region, which may be a function of domain
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size, rather than grain size, there is a chance that this constraint is too simplistic. However,
allowing unconstrained FWHM resulted in excessive correlation of the fitting parameters. An
example of one of the fits for the silicon film measured at 3 Vc is shown in Figure 3.25. To
calculate domain reorientation, the fitted functions were integrated using analytical integration
from -∞ to +∞.

Figure 3.25. Example fitted data for the 110/101 peaks for the film on silicon measured at 3 V c using two pseudoVoigt functions where the FWHM is constrained to be the same.

3.3.4 Domain Reorientation in Films on Different Substrates
The volume fraction of 101/110 domains can be calculated using the same methods
described in all previous sections. The equation for the volume fraction of 101 domains is shown
in Equation 3.8.
Equation 3.8
𝐼101
′
𝐼101
=
𝐼110
𝐼
+ 2 101
′
′
𝐼110
𝐼101
2

𝜈101

′
Here, 𝐼ℎ𝑘𝑙 is the integrated intensity while 𝐼ℎ𝑘𝑙
is the reference intensity from the powder
′
′
diffraction file (𝐼110
= 465 , 𝐼101
= 999) [45]. In this case, the 101 peaks were chosen as they
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increase in volume fraction as field is applied which makes the data more intuitive. Since the 101
peaks also include the 011 reflections, a factor of two is added to the numerator. This is
analogous to the equation for volume fraction 200 domains shown in equation 3.2. The volume
fraction for 101 reflections for the films on silicon and glass is shown in Figure 3.26. While the
films have different amounts of {101} texture, this method investigates only the intensity
exchange within this family of planes. The volume fraction of 101/110 domains is calculated
with respect to only the intensities of the {110} family. It is clear (as seen in Figure 3.25) that
the film on glass has a higher fraction of 101 domains compared to the film on silicon. This is
expected due to the slightly higher thermal expansion coefficient of the glass substrate compared
to Si, putting the film into a lower tensile stress state (see Table 3.4). However the difference is
only a 2 vol% increase on 101 domains for the film on glass.

Figure 3.26. The volume fraction of 101 domains as a function of field for the films on silicon and on glass.

The difference in initial volume fraction between the two films is small, suggesting the
difference in strain is similarly modest. The strain can be calculated using the difference in
thermal expansion coefficients between the film and the substrate and multiplying it by the
difference between the crystallization temperature and the Curie temperature. The thermal
expansion coefficients for the two substrates are shown in Table 3.4. The thermal expansion
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coefficient of PZT in the paraelectric phase (above the Curie temperature) is 9.4𝑥10−6 /𝐾 and
can be used to calculate the thermal strain at the transition to ferroelectric PZT using the
Equation 3.9 [58].
Equation 3.9
650 °𝐶

𝜀𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = ∫

375 °𝐶

(𝛼𝑃𝑍𝑇 (𝑇) − 𝛼𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (𝑇))𝑑𝑇

The strain at the phase transition will influence the resulting domain state. The calculated
values for thermal strain are shown in Table 3.4. As shown by Chen, these thermal strains do not
differ by enough to change the equilibrium phase [61]. Due to this, the difference in initial
texture of the film is expected to have a comparatively modest effect on the conclusions.
Table 3.4. Material Properties of the Substrates
Substrate

Thermal Expansion

Thermal Strain

Elastic Modulus

Silicon

2.6×10-6 K-1 [62]

0.00187

130 GPa [63]

Corning Eagle Glass

-6

0.00160

73.6 GPa [63]

-1

3.6 ×10 K [64]

The substrates were chosen to have significantly different elastic moduli. In this case,
silicon has a Young’s modulus about 1.76 times the Young’s modulus of Corning Eagle glass,
shown in Table 3.4. Equation 3.10 was used to quantify the change in volume fraction of
reoriented domains as a function of field.
Equation 3.10
0 𝑓𝑖𝑒𝑙𝑑
𝐼101
𝐼101
2 ′
2 ′
𝐼101
𝐼101
𝜂101 = (
)−(
)
𝐼110
𝐼101
𝐼110
𝐼101
+
2
+
2
′
′
′
′
𝐼110
𝐼101
𝐼110
𝐼101
The volume fraction of reoriented domains as a function of field is shown in Figure 3.27
for films both on glass and on silicon. The effect of intergranular stress should be slightly
enhanced in the film on silicon at high fields. However, it is seen that the films on glass show a
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slight increase, approximately 3.4 vol%, in the amount of domain reorientation at applied field.
Higher amounts of domain reorientation for the film on glass are due to the lower substrate
elastic modulus reducing the pinning of domains and enabling increased 90° domain wall
motion.

Figure 3.27. Volume fraction of reoriented 101 domains as a function of field for the films on glass and on silicon

Perhaps more interesting than the behavior at high voltage is the response of the films as
field is removed. It is expected that as the restoring force for domains is removed (i.e. from the
substrate), the domains should show less propensity for backswitching. This should be a function
of the elastic properties of the substrate. In the film on glass, approximately 5.4 vol% of domains
that reoriented to [101] with applied field relaxed back to [110] upon release of field. In films on
silicon, about 9 vol% of domains switch back. From this it is clear that the response of the film
on silicon is more reversible upon release of field. This is consistent with the P–E data, shown in
Figure 3.21, where a steeper slope top of the loop is observed for decreasing field in the film on
silicon. Interestingly, the ratio of the backswitching in films on silicon to glass is about 1.67. The
similarity of this to the difference in the Young’s moduli suggests that the two are related.
To better understand the response of the films after poling, the Rayleigh characteristics of
the films were investigated. The films were poled at 3 Vc for 20 minutes. After 90 minutes, the
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Rayleigh behavior was measured at 1 kHz; the results are shown in Table 3.5. The errors
presented in the table are errors from fitting the linear region of the data.
Table 3.5. Rayleigh Behavior of Films Measured at 1 kHz
Silicon

Glass

ɛinitial

457 ± 0.69

401 ± 0.25

alpha (cm/kV)

4.2 ± 0.06

2.01 ± 0.02

alpha/ɛinitial (cm/kV)

0.0969 ± 0.0014

0.045 ± 4 × 10−4

The ɛinitial values are slightly different, which is expected due to the difference in thermal
expansion coefficients producing a higher concentration of [110] relative to [101] domains in the
film on silicon. Moreover, the alpha is consistently higher in PZT films on silicon. This might
seem surprising since increased 90° domain reorientation was observed in the film on glass. The
higher alphas are believed to be related to the saturation of the domain alignment. In films on
glass, the domains are closer to their saturated values and therefore do not contribute as much to
the irreversible Rayleigh behavior during ac field cycling. Conversely, films on silicon, due to
higher amounts of backswitching seen after poling, are further away from their saturated domain
alignment and thus may have more mobile wall populations and higher alpha values.
To evaluate how the more saturated domain state in the glass sample effects piezoelectric
properties, e31,f values were measured using the wafer flexure method discussed elsewhere [26],
[48]. Both samples were poled just prior to the measurement. The values for e31,f reported in
Table 3.6 are not statistically different from each other. Still, the silicon sample has a much
higher {001} Lotgering factor, also shown in Table 3.6. In oriented polycrystalline bulk ceramics
such as 0.72Pb(Mg1/3Nb2/3)O3-0.28PbTiO3 [65], Na0.5Bi0.5TiO3-BaTiO3 [66], and
Sr0.53Ba0.47Nb2O6 [67], it was shown that, below a Lotgering factor of ~70%, there is an
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approximately linear increase in the piezoelectric coefficient with {001} texture. It is believed
that the increased ability to pole the film on glass enables higher piezoelectric coefficients than
otherwise would have been possible with the films texture.
Table 3.6 e31,f and Lotgering Values for PZT on Silicon and Glass
e31,f (C/m2)

{001} Lotgering Factor

Silicon

-5.7 ± 0.6

64%

Glass

-5.9 ± 0.6

-13%

3.3.5 Summary of the Role of the Elastic Properties of the Substrate
The 101/110 reflections of PZT thin films were investigated using synchrotron X-ray
diffraction to examine the changes in domain reorientation as a function of the elastic properties
of the substrate. Films were deposited on silicon and glass substrates and it was found that there
was a modest increase in the reorientation of 101 domains at applied field (~3.4 vol% at 3 Vc) on
a more compliant substrate. Furthermore, it was found that the backswitching of domains
occurred in a similar ratio to the ratio of the Young’s moduli of the substrate material. When
piezoelectric properties of the two films were probed, e31,f between the films was found to be
within error, despite the difference in textures. From this, it is concluded that the elastic
properties of the substrate play a significant role in poling and the resulting Rayleigh
characteristics of the films.
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Chapter 4 PZT Thin Films on a Polymer Substrate
4.1 Introduction to Flexible Piezoelectrics
Flexible piezoelectrics are currently of interest for ultrasound, energy harvesting, and
pressure sensing applications [1]–[3] as the mechanical flexibility enables higher sensitivity [4],
and, specifically for energy harvesting, lower resonance frequencies for wearable applications
[2]. Additionally, using a flexible substrate would enable fabrication of detectors which can
conform to surfaces [3], [5].
Where flexible substrates for piezoelectrics are being investigated, many groups utilize
piezoelectric materials with low processing temperatures, such as ZnO or polymer piezoelectrics
[1], [5]. While the low thermal budgets of these materials provide a wider latitude in choosing
substrates, it comes at the price of lower piezoelectric coefficients. For applications in which
high sensitivity is critical, materials such as PZT, with large piezoelectric properties, are
preferred.
PZT can be deposited on certain flexible substrates, such as Ni foil, without sacrificing
the high temperatures which are necessary for crystallization [6]. While PZT films on Ni foils
show excellent properties and are useful materials for mechanical energy harvesters, these
substrates can be difficult to work with, particularly in a university laboratory setting, due to the
propensity for plastic deformation when handled [6], [7]. In addition to flexible Ni foils, there
has also been work using thinned silicon substrates to enable good mechanical flexibility for
bending radii of 5 mm [8]. A flexible non-volatile PZT memory was fabricated on Si by Kosel
et al. which was then thinned down to 40 µm, thereby becoming flexible, using dry etching [8].
Polymers are, on the other hand, of interest as passive elastic layers with piezoelectric
films, because of their large compliance constants [9]. However, PZT deposition on a polymer
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substrate is complicated due to the high crystallization temperatures (typically around 650 °C or
higher). Despite these difficulties, several groups have reported measurement of PZT on a
flexible, polymer substrate [2], [4], [9]–[11]. Because of difficulties in depositing PZT on a
polymer, in these cases, the PZT thin films was first fabricated on a separate substrate, e.g.
silicon, MgO, or sapphire, and subsequently transferred to a polymer.
Several approaches have been used including etching (wet or dry) of the substrate or
sacrificial layers. Qi et al. transferred nanoribbons of PZT from an MgO substrate to ~2 mm of
PMDS using a phosphoric acid etch [4]. While this proved successful for nanoribbons,
phosphoric acid will etch PZT and releasing large area PZT from MgO substrates using
phosphoric acid has been shown to be difficult by other groups [2]. Additionally, Bakaul et al.
released thin films (40-100 nm) single crystal PbZr0.20Ti0.80O3 from a SrTiO3 growth substrate
onto a polymer film using a 20 nm thick sacrificial etch layer of lanthanum strontium manganite
(LSMO) [12]. The LSMO was etched for 12 hours in a solution of potassium iodide,
hydrochloric acid and water before being completely released onto a 250 nm thick film of
PMMA [12]. No properties were measured. However, post transfer to the silicon substrate it was
observed that there was no degradation in the film properties or microstructure [12].
In related work, other groups have fabricated flexible ferroelectrics (other than PZT)
using wet or dry etching [13], [14]. In one study, a sacrificial TiO2 layer was used to transfer
BaTiO3 structures from a silicon substrate to a polymer substrate using a buffered oxide etch
(BOE) [15]. Dielectric measurements were performed and ɛr was reported to decrease after
release. In addition, the losses increased from < 5% on the silicon substrate to almost 20% at
100 Hz on the polymer. One potential reason for this increase in the loss tangent was damage to
the BaTiO3 structures by the aggressive BOE [15]. Jang et al. deposited 400 nm and 600 nm
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thick BiFeO3 thin films on silicon substrates [13]. After measurement of the properties, the films
were bonded to a polymer membrane and the Si was removed using a dry etching process. P–E
loops of released electrodes were compared to the response from electrodes on the silicon
substrate. Upon release, films showed 25%-30% lower Ec values, a slight increase in remanent
polarization and lower leakage current densities [13]. (Na0.5K0.5)NbO3 (NKN) films fabricated on
silicon were transferred to a polyimide substrate by etching away the silicon in a KOH bath [14].
Although the base damaged the film, reducing Ec, Pr, and leakage current density, upon release
the material underwent a structural change from pseudocubic to orthorhombic which increased
the measured d33,f value from 74 ± 11 pm/V to 120 ± 18 pm/V [14]. Lee et al. reported
fabricating flexible PZT/graphene based FeFETs by first depositing PZT nanoribbons in silicon
and then subsequently removing the ferroelectric by undercutting the silicon using a dry etch.
The devices showed good retention values with on/off current ratios differing by approximately a
factor of two, even with the flexible film bent to 13% strain [10].
Another popular method for transferring ferroelectric films to polymer substrates is laser
lift off (LLO) [9], [11], [16], [17]. Park et al. transferred a PZT thin film onto a 125 µm
polyethylene terephthalate substrate using this method. The PZT was fabricated on a sapphire
substrate and a XeCl laser was used to modify the interface between the PZT and sapphire to
enable release [9]. The process was successful and released the PZT with no mechanical
degradation or cracks reported. Other groups have also reported using the LLO process on
sapphire, glass, or MgO growth substrates, although with damage to the film surface in the
absence of a buffer/sacrificial layer [11], [16], [17].
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While these methods enable measurements on released films, it would be useful to
develop a simple, flexible process to transfer PZT onto a polymer substrate without restricting
growth substrate or subjecting the PZT to chemicals which can degrade properties.
Additionally, a comparison of material response between clamped and released films
would provide further insight into the role of the substrate. As described in Chapter 3, better
knowledge of how clamping by the substrate affects the piezoelectric coefficients should result
in the ability to design piezoelectric MEMS devices with increased functionality. Presently, there
are no published reports of the d33 of a PZT film released from the substrate. Thus, it would be
useful to have a measurement of a thin film d33 unencumbered by the substrate (e.g. d33, rather
than d33,f). In particular, this would quantify the magnitude of clamping by the substrate to the
reduction of the d33 coefficient from bulk to films. It is known that domain wall motion is
significantly clamped by the substrate [18], [19]. Moreover, Lefki et al. derived a formula for
the d33 coefficient of films, seen in Equation 3 [20].
𝑑33,𝑓 = 𝑑33 − 2𝑑31

𝐸
𝑠13
𝐸
𝐸
𝑠11
− 𝑠12

where d31 represents the transverse piezoelectric coefficient and s11, s12, and s13 are the elastic
coefficients of the film. As the second part of the d33,f equation is typically positive, the measured
d33 of the film is reduced by substrate clamping [20]. Developing a process for release of the film
onto the polymer should enable measurements of the true film d33 coefficient.
This chapter focuses on developing a process to transfer a PZT thin film, initially
deposited on a silicon substrate, onto a thin polymer substrate. The film is deposited on a
sacrificial ZnO buffer layer and is released from the substrate using an acetic acid etch to
undercut the ZnO. This enabled electrical measurements on clamped and released portions of the
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same film and illuminated important processing factors for transferring the ceramic film to a
polymer.

4.2 Process for Transfer of PZT onto a Polymer
A schematic illustrating the process flow is shown in Figure 4.1. In short, thin films of Pt
electrode/PZT were deposited on a platinized/Al2O3/ZnO/SiO2/silicon substrate. Then a
polymer, polyimide PI-2611, was deposited on top of the stack via spin coating. The PZT is
deposited in reverse (i.e. what will ultimately become the top-electrode is deposited first) then
transferred to the 5 µm thick polymer layer via etching away the ZnO sacrificial layer. That is,
after the deposition of the polymer, the ZnO is removed via wet etching, thereby freeing the
film/polymer from the silicon substrate. ZnO was chosen as it is readily etched in acetic acid
which should not affect the PZT [21]. The process is described in detail below.
A ZnO sacrificial etch layer approximately 50 nm thick was deposited using plasmaenhanced atomic layer deposition (PEALD) onto a thermally oxidized silicon substrate using
processing conditions described elsewhere [22]. Following this, a thin film (~5 nm) of PEALD
deposited Al2O3 was grown. The buffer Al2O3 was found to be necessary in order to prevent the
ZnO from diffusing into the PZT upon crystallization. While the ZnO will not diffuse through
the electrode, it will intermix with PZT in areas without Pt, essentially removing the sacrificial
release layer in these regions.
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Figure 4.1. A schematic showing the transfer of a thin film of PZT from a silicon substrate to a thin polymer. The
metal/PZT/metal stack is deposited on a sacrificial ZnO layer. After fabrication the ZnO is removed via wet etching,
freeing the film onto the polymer.

One goal of this experiment was to compare properties of films clamped to a silicon
substrate and films in a released state on a thin polymer. In order to keep microstructural
variation (such as grain size, defect concentrations, orientation etc.,) to a minimum, the same
substrate was used to deposit the PZT for both the clamped and released states.
To begin fabrication of the capacitor, 100 nm of Pt was sputter deposited on the
Al2O3/ZnO/SiO2/silicon stack. A schematic of the Pt design is shown in Figure 4.2 where Pt
regions are shown in blue. In the center of the substrate is lithographically patterned Pt (Region
A). These circular regions ultimately serve as the top electrode for the released sections. At the
edges of the substrate there is blanket Pt which serves as the bottom electrode for the clamped
films (Region B).
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Figure 4.2. Schematic showing the Pt pattern (in blue) for these samples. The center of the wafer has a top electrode
pattern, accessible after release, for measurements of the PZT on polymer (Region A). The edges of the wafer has
blanket Pt for a common bottom electrode for measurements of clamped PZT (Region B).

Following the Pt deposition, 850 nm of Pb(Zr0.52Ti0.48)0.98Nb0.02O3 was deposited using
CSD (solution batched with 10% excess PbO) in the same manner as described in Chapter 1. Top
down and cross-sectional FESEM micrographs of the PZT are shown in Figure 4.3. The asdeposited film shows no evidence of cracking. Next, the area designated for clamped PZT
(Region B) was cleaved off. Circular top electrodes were lithographically defined in lift-off resist
and 100 nm of Pt was sputter deposited. The rest of the substrate (Region A) is the area
designated for released PZT. 100 nm of blanket Pt was sputter deposited on Region A to serve as
the bottom electrode.
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Figure 4.3. Top down and cross sectional FESEM micrographs of the as-deposited film on a silicon substrate. PZT
from the regions to be released and from the regions which remained clamped are both phase-pure and crack free.
The cross-sectional micrograph, representative of both regions, shows good density and columnar grains. The subtle
mottling observed in the top down FESEM is likely the result of small PZT grains boundaries. What appears as
more defined grain boundaries in the top-down view is likely to be cluster boundaries.

Finally, 5 µm of polyimide, PI-2611 (HD Microsystems), was spun onto the
Si/ZnO/Al2O3/Pt/PZT/Pt stack using the following recipe: 300 rpm for 20 seconds, 1000 rpm for
30 seconds and finally 3000 rpm for 40 seconds. The soft bake was done at 80 °C for 5 minutes
and the layer was cured at 300 °C (ramp rate of 180 °C/hour) for > 10 hours (overnight) in air
[23]. After the polyimide was cured, the samples were diced into small, ~ 1 cm2 pieces. The
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dicing provided flexibility to try different release procedures. The help of J. I. Ramirez is
gratefully acknowledged for the PEALD depositions and polyimide deposition.
The next fabrication steps were to etch the polyimide away from underneath the
electrodes, and then to release the film. The polyimide “windows,” shown in the schematic in
Figure 4.1 and outlined in Figure 4.4, allow measurement of the capacitor with no substrate. The
polyimide was etched in a PlasmaTherm 720 in an oxygen and argon plasma with 200 nm of
titanium serving as an etch mask. 15 nm of Pt was deposited on the backside of the polyimide to
increase the stiffness and prevent the film from curling to release tensile stress.
The final step in this process was to put the film into a warm (~ 110 °C) acetic acid bath.
The acetic acid easily etches the ZnO, however it should not harm the PZT. This process takes
several days even for cm2 samples such as the ones discussed here since only a small amount of
ZnO is exposed to the etchant at a time.

Figure 4.4. Optical microscope pictures of cracking observed on the released film.

The method presented here enabled successful transfer of PZT thin films to polymer
substrates. However, it was also found that the films were cracked post release process. Optical
microscope images of the cracking can be found in Figure 4.4. The cracks are populated across
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the entire film, but are most severe in the areas immediately around electrodes at the boundary of
backside polymer (Figure 4.6). Even in films which were not exposed to mechanical bending
after release, the cracks were present. Since the films were not cracked prior to release, it is
assumed that the slow etch process produced the cracking. Figure 4.5 shows, in a large area
sample, the release process as it evolves in solution.

Figure 4.5. Pictures showing the evolution of the film as it is released from the silicon substrate in an acetic acid
bath.

There is a large amount of deformation present in the released film, especially at the
boundary between material that is released and film still attached to the silicon substrate. It is
likely this produces cracks during the release process which propagate with further handling.
However, it is also possible the extensive etch in acetic acid dissolved excess PbO which was
present in only a few grain boundaries. This would result in grooved grain boundaries with the
appearance of cracks. While this might be the case for some of the thinner-looking cracks, there
is also definite cracking, shown in Figure 4.6.
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Figure 4.6. FESEM micrograph of an electrode showing cracking. The dark area to the left of the electrode
(outlined in blue) is a result of charging from the electron beam. The excessive cracking near the boundary of the
backside polymer is highlighted with a red dashed line .

To investigate if the electrodes themselves exhibited the extensive microcracking
observed elsewhere on the film, samples were investigated in the FESEM. The electrodes did not
show the levels of cracking seen in the unelectroded film in Figure 4.4. This is potentially due to
the Pt top electrode, which has a higher stiffness and could reduce the mechanical deformation
which caused the cracking. While some of the electrodes did exhibit minor cracking, these types
of cracks were observable in the optical microscope and could be avoided when selecting
electrodes for measurement. As such, it is believed that the electrical characterization described
in the next section represents an uncracked film in clamped and released states. While further
improvements in the release process are needed, the dielectric and ferroelectric measurements
provide a baseline for the response expected from PZT films released in this manner.

4.3 Characterization of Clamped and Released Films
When measured at 1 kHz with a 30 mV ac signal the clamped film had a dielectric
constant of 1075 (tanδ = 0.02) and the released film had a dielectric constant of 950 (tanδ =
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0.016). Since the films are essentially identical, the difference in dielectric constant can be
attributed to the release process. Zednick et al. showed that when films are stressed, domain
reorientation takes place [24]. In these released films, there is no restoring force from the
substrate to cause domains to switch to the in-plane direction imposed by the substrate during
fabrication. As such, when the material is deformed, as described above and shown in Figure 4.5,
it is possible that domain reorientation takes place, producing more out of plane polarization.

Figure 4.7. Polarization versus field loops for the clamped and released states of the film. The P –E loop on the left
represents unaltered data while the released data in the P–E loop on the right has been shifted by the difference in
imprint between the two films. The shifted loops shows similar remanant polarizations and coercive fields.

To assess whether this is a realistic possibility, the polarization versus field curves were
investigated, as is seen in Figure 4.7. At high fields, the maximum polarization in the released
film is higher than in the clamped. Values for the maximum polarization at positive fields are
shown in Table 4.1. The increase in polarization is expected as domains should be easier to
reorient in declamped samples [19]. Additionally, the P–E loops of released electrodes show
both a negative imprint and higher positive remanent polarization compared to clamped
electrodes. As such, to compare values for remanent polarization, the average remanent
polarization (the average of the positive and negative Pr) is used. Table 4.1 shows these average
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values for the clamped and released states measured for a 400 kV/cm field excursion. These
numbers are expected to increase at higher fields although the released electrodes crack at fields
> 400 kV/cm.

Table 4.1. P-E Characteristics for Clamped and Released Films
+
𝑃𝑚𝑎𝑥
𝑎𝑣𝑔
𝑃𝑟
𝑎𝑣𝑔
𝐸𝑐

Clamped
44 µC/cm2
14.3 µC/cm2
37 kV/cm

Released
48 µC/cm2
16.3 µC/cm2
34 kV/cm

The average remanent polarization for the released film is slightly larger than for the
clamped. This was found to be related, at least in part, to a change in the imprint on release. The
imprint seen in the clamped film, approximately 31 kV/cm, is almost identical to the amount of
imprint seen in the released films -29 kV/cm, but in the opposite direction. While the definitive
cause of this shift is unknown, there are a two possibilities. First, the imprint could possibly be
from defect dipoles in the film which, due to their small field, align surrounding dipoles, shifting
the coercive field slightly. Garten et al. showed that imposing a strain gradient greater than 1.3
m-1 on a thin film of Ba0.7Sr0.3TiO3 resulted in an imprint of 9.2 kV/cm and that the direction of
the imprint was shown to be related to the direction of the applied strain gradient. Furthermore, it
was found that the imprint imposed by the strain gradient remained even after the strain was
removed [25]. As it is hypothesized that these films experience large amounts of strain during the
release process, it is possible this is why the imprint shifts. However, if movement of defects
(e.g. oxygen vacancies) are the result of this shift, the imprint should be switchable upon
electrical poling. Released films were poled at 3 Vc for 20 minutes at 75 °C. This poling
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procedure is expected to be aggressive enough to reorient defects such as oxygen vacancies.
However, as the P–E data in Figure 4.8 shows, poling at 75 °C does not shift the P–E loop.

Figure 4.8. P–E loops of an unpoled released electrode and a released electrode which was poled at 3 V c for 20
minutes at 75 °C. The imprint in the released film does not change with poling.

Considering this, a more likely scenario is that the shift is caused by some kind of
compositional gradient in the PZT at the electrode interface it was grown on. As it is known that
Pb diffuses into the bottom electrode during heat treatment [26], [27], it is hypothesized that
there may be a small compositional difference between the top and bottom electrodes. This could
introduce defect dipoles which are more resistant than oxygen vacancies towards migration upon
poling. In the clamped case, the area near the bottom electrode would have the compositional
gradient whereas in the released case, it would be the area near the top electrode. This seems to
be the most likely possibility to explain the differences in imprint.
Interestingly, after shifting the loops to account for the differences in imprint, as seen in
the right hand plot in Figure 4.7, the remanent polarization of the released film nearly matches
that of the clamped film. While the released film still shows higher amounts of maximum
polarization and a squarer loop for high positive fields, at lower fields, the P-E loops show
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similar slopes and remanent polarizations. Thus the increase in remanent polarization observed is
more a function of the change in imprint and less a function of a changed strain state due to
release.
This was unexpected due to the absence of any kind of stiff substrate which might restrict
the bending of the film to relieve this stress. In order to better understand the response of the
released film, its strain state, and domain response, the Rayleigh behavior was investigated. Both
the clamped and released samples were poled at 3 Vc for 20 minutes before performing Rayleigh
analysis at 1 kHz. The released film had lower values for both ɛinit and α, as seen in Table 4.2.

Table 4.2. Rayleigh Characteristics for Clamped and Released States
The errors shown are from fitting.
ɛinit
α (cm/kV)
α/ɛinit (cm/kV)

Clamped
1063 ± 1.5
21.2 ± 0.5
0.0199 ± 4.7×10-4

Released
1006 ± 1.3
19.2 ± 0.4
0.0190± 4×10-4

Due to the lower Young’s modulus of the polymer substrate, it was expected that domain
reorientation should be facilitated by the film being free to bend. However the alpha coefficients
exhibited by the released films are lower than the alpha coefficients of the clamped film.
Additionally, the alpha/ɛinit values are within error, suggesting that this is not the case. The asmeasured positive remanent polarization in the released films is approximately twice as large as
the as-measured positive remanent polarization in the clamped films. From this it can be
surmised that domains in the released film have a lower driving force to backswitch upon release
in field. As a result, the domain state in the released film after poling should be more saturated.
With more domains already aligned with the direction of applied field, the released films have
smaller irreversible domain wall contributions and thus lower alpha coefficients.
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If the lowered Rayleigh coefficients are due to a difference in the polarization state
induced by poling, and not, for instance, a small difference in film thickness between the
clamped and released regions, then the Rayleigh coefficients of unpoled films should provide a
better understanding of the result of release and how it might affect domain wall motion. This
was also investigated. To eliminate any effect of aging on the experiments, P-E loops were
performed on both clamped and released electrodes. Starting at 400 kV/cm, the maximum field
of the loop was systematically reduced in steps of ~ 25 kV/cm until the films experience only
minor loops [28]. This should electrically deage the films (thermal aging was not an option due
to the polymer in the released film stack). The Rayleigh characteristics are found in Table 4.3.
The released film shows lower ɛinit values, as expected. However, since the films are not poled,
the released film was expected to have a higher α. This was not the case, as seen in Table 4.3.

Table 4.3. Rayleigh Characteristics for Unpoled Clamped and Released Samples
The errors shown are from fitting.
ɛinit
α (cm/kV)
α/ ɛinit (cm/kV)

Clamped
1146 ± 1.7
26.8 ± 0.5
0.0234± 4.4×10-4

Released
1086 ± 1.7
25.1 ± 0.5
0.0231± 4.6×10-4

The films on polymer in this work were expected to be free to deform (globally released)
and thus function similar to globally released PZT in other reports [2], [18], [29]. In these
previous studies, it was shown that when films were free to deflect upon actuation, increased
domain reorientation was enabled. Griggio et al. showed a greater than 12-fold increase in the
alpha coefficient in globally released electrodes [29]. While Yeager et al. only measured a 28%
increase in alpha of globally released films, it is suggested that the geometry of the released
regions played a role in suppressing irreversible domain wall motion [2].

142

The samples in this study did not behave similarly to previous work on globally released
samples. Instead, their behavior was closer to a ferroelectric films which was only locally
released. In a locally released structure, such as a taut diaphragm, the substrate is removed from
below the electrode but the film is not free to deform. The Rayleigh behavior of locally released
electrodes in previous work is summarized in Table 4.4. While Griggio shows an increase in the
ɛinit and α, the difference in the ratio of α/ɛinit between the clamped and locally released
electrodes is not statistically significant [29].

Table 4.4. Rayleigh Parameters Reported in Previous Work

Yeager et al. [2]

Griggio et al. [29]

ɛinit
α (cm/kV)
α/ɛinit (cm/kV)
ɛinit
α (cm/kV)
α/ɛinit (cm/kV)

Clamped
1082
26.06
0.0241
1005 ± 0.6
11.7 ± 0.04
0.0116 ± 0.0004

Locally Released
1051
24.09
0.0229
1865 ± 215
20.5 ± 2.5
0.0110 ± 0.0018

The Rayleigh behavior in this work suggests that these released films act more similarly
to locally released structures, where the average stress state of the film has the largest effect on
the released properties, not local interface clamping. This is counterintuitive, as the released
films presented here should offer no resistance to bending and thus reorient domains fairly
easily. Locally released diaphragms, as shown in Chapter 3, are dominated by in plane stress and
will not deform much upon actuation. It is possible that the reason these films behave more
similarly to locally released structures is associated with the electrical probing used for the
measurements. When the probe tip is in contact, it depresses the top electrode to the point of
deformation. In other words, the pressure from the probe tip causes the electrode to cup instead
of being flat. In this geometry, the film will have a higher stiffness and be more resistant to
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bending [30], [31]. Future work on pieces fabricated with contact pads away from the primarily
electrode would be helpful in determining whether this plays a major role.
It is difficult to compare the electrical properties of the released films discussed here to
other PZT thin films transferred to polymer in literature as there are no other reports which
discuss the change (or lack thereof) in Rayleigh behavior and P-E response after release only
polymer.
Previous work of BiFeO3 thin films on polymer showed an increase in Pr and decrease in
Ec which is expected upon declamping the ferroelectric. While this was not seen here, this is
thought to be due to the change in stiffness induced by the probe tip, discussed above. Future
work will focus on reducing the influence of the probe tip to enable more representative
measurements.
Bakaul et al. demonstrated that transfer of PZT to a polymer via a buffer layer which is
sacrificially etched away is possible without microstructural damage (such as cracking)
occurring in the PZT [12]. While this was for thin layers of PZT (< 100 nm) [12], PZT films as
thick as 700 have been reportedly released without cracking [11]. However, in all of the previous
work referenced here, the release process occurred at a much faster rate than the films described
in this thesis. Particularly, this is an advantage of the LLO process. Although a laser is needed,
the material can be released as fast as the complete interface between PZT and substrate can be
vaporized [9]. While release via etching of a sacrificial layer enables deposition on a variety of
substrates, one of the disadvantages to the wet etching approaches described in literature is that
many of the etchants used to remove sacrificial layers (e.g. solutions containing KOH,
phosphoric acid, or HCl) also etch PZT which can lead to a degradation in properties such as
remanent polarization [2], [14].
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d33,f measurement
While the motivation and design of these films was to measure a d33,f value using a
double beam interferometer, it was ultimately unfeasible. An important part of the double beam
laser interferometer (DBLI) is having a clear laser signal from both surfaces of the film. Though
the backside of the film appeared free of residue and reflective enough for the laser, a low signal
provided noisy data. One likely possibility is that the released film is not flat with a probe tip in
contact, as mentioned above, and the curvature scatters the laser beam.

4.4 Summary of the Behavior of Films on Polymer
While there is still progress to be made developing the process for the transfer of a PZT
film to a polymer substrate, to eliminate cracking, this work presents a promising avenue as well
as insight into how the properties of the film change upon release. It was important to correct for
changes in imprint associated with asymmetry of the two electrodes. It was found that the film
on polymer shows a slight increase in maximum and average remanent polarization values.
Drawing parallels to the behavior of PZT thin films deposited on glass, it is likely this results in a
better poled sample and a more saturated domain state. As a result, alpha of the released film was
about 9% lower than the alpha measured in the clamped film. However it was also demonstrated
that the overall stress state in the film is more similar to taut diaphragms which do not show large
increases in remanent polarization or alpha. While the ultimate cause of this behavior is still
under investigation, it is suggested that it could be the result of the probe tip mechanically
bending the electrode prior to measurements.
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Chapter 5 – Conclusions and Future Work
5.1 Conclusions
This thesis was directed towards increasing both the understanding of the factors that
affect the performance of PZT based MEMS devices, and the functionality of piezoelectric
MEMS. This was pursued via two different avenues: integration of ZnO based electronics with
PZT actuators and determining the influence of mechanical boundary constraints on PZT film
properties.
Pb(Zr0.52Ti0.48)0.98Nb0.02O3 thin films were deposited on silicon substrates using chemical
solution deposition and patterned using RIE into discrete capacitors. ZnO based thin film
transistors (TFTs) were then integrated alongside the PZT elements. A procedure to enable
co-processing was developed. As the thermal budget of PZT crystallization is higher, the PZT
was deposited first. Following this, ZnO TFTs were fabricated using a PEALD process; the
dielectric (Al2O3) and semiconducting (ZnO) layers were deposited at 200 °C. TFTs deposited
alongside or on top of PZT had comparable mobilities (~24 cm/Vs) to TFTs deposited on glass.
As the precursors for the dielectric and semiconducting materials (trimethylaluminium and
diethylzinc) both contain hydrogen which can degrade ferroelectric properties, the PZT was
tested before and after integration. It was found that remanent polarization and dielectric constant
were unaffected by the co-processing procedure, remaining > 22 µC/cm2 and 1130 with a loss of
< 3% at 1 kHz, respectively. Additionally, leakage current density before and after TFT
processing remained on order of 10-8 A/cm2 at 3 Vc. Furthermore, charging/discharging studies
were performed, using the TFTs to turn on and off the PZT capacitors. The voltage drop over the
capacitor was measured using an oscilloscope and it was found that the TFT could be used to
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charge the 0.0026 cm2 capacitor in < 3 ms with the PZT capacitor taking longer than 70 seconds
to discharge.
This technology was then applied to Pb(Zr0.52Ti0.48)0.98Nb0.01O3 actuator arrays fabricated
on Corning Eagle glass substrates. The PZT was deposited using RF magnetron sputtering at
room temperature with a post deposition crystallization anneal in a box furnace in air at 585 °C
for 18 hours. ZnO based thin film transistors (TFTs) were then integrated into the array in a rowcolumn addressing scheme for an adaptive optics application. While there was some electrical
connection between the TFTs, either from a wafer breakage or processing errors, which caused
multiple TFTs to respond when only one was actuated, moderate control of the wafer shape was
demonstrated. It was found that when actuated at 10 V, a gain of approximately 1.5 µm above
background was achieved in the region of actuation. Additionally, the amount of deflection
imposed on the wafer and whether the PZT cell is turned on or off were both shown to be
controllable with the ZnO TFT array. The integration of PZT and ZnO electronics is expected to
also be applicable to other technologies such as piezoelectric transducer arrays and energy
harvesting.
Studies were also performed investigating the effect of mechanical boundary constraints
on the reorientation of ferroelastic domains. For these experiments, solution deposited tetragonal
PbZr0.30Ti0.70O3 films, doped with 1% Mn, was chosen for in situ synchrotron X-ray diffraction.
Thicknesses of the films probed ranged from 950 nm to 1.9 µm. As field was applied to the
samples, intensity exchanges in symmetry-related peaks were monitored, providing a direct
measurement of ferroelastic domain wall motion.
Domain switching was compared for untextured 950 nm thick PZT 30/70 films on
Pt-coated Corning Eagle glass and silicon wafers, to assess what effect different substrate elastic
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constants might have on domain reorientation. The 101/110 reflections in the film on the more
elastically compliant glass showed approximately 3.4 vol% more domain reorientation at 3 Vc
than films on Si. Furthermore, the amount of backswitching the films experienced upon release
in field scaled with the difference in elastic modulus. Because of the better-saturated domain
alignment in films on glass, the irreversible Rayleigh coefficient measured (α ~ 2 cm/kV) was
smaller than the α of the film on silicon (~4.2 cm/kV). Additionally, while the higher {001}
texture in the film on silicon predisposed the film to have a higher e31,f than the film on glass, it
was found that due to the higher remanence in the film on glass, comparable piezoelectric
𝑔𝑙𝑎𝑠𝑠

𝑠𝑖𝑙𝑖𝑐𝑜𝑛
coefficients between the two films were measured (𝑒31,𝑓 ~ -5.9, 𝑒31,𝑓
~ -5.7).

In other in situ XRD studies investigating the role of the substrate in clamping domain
wall motion, the silicon substrate was removed from beneath the LaNiO3 bottom electrode of the
{001} oriented PbZr0.30Ti0.70O3 with 1% Mn film in an elongated diaphragm geometry. It was
found that as the underlying Si was removed, domains have an increased ability to reorient. In
films where 75% of the film was not bound to the substrate, more than a six fold increase in
domain reorientation was observed relative to fully clamped films. The maximum amount of
domain reorientation, approximately 26%, approaches values for bulk ceramics and suggests that
piezoelectric coefficients would also be enhanced upon declamping. Furthermore, electrodes
with >50% released regions showed smaller amounts of domains backswitching upon release of
field.
To better compare these results on elongated diaphragms to other geometries of released
electrodes in the literature, circular diaphragms were also investigated. It was found investigating
an untextured 1.77 µm thick PZT 30/70 film that the geometry of the released structures played
an important role in the amount of domain reorientation observed. The elongated diaphragms
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showed increased levels of domain reorientation compared to the circular diaphragms for
electrodes both locally released (taut) and globally released (free to deform) from the substrate.
In the locally released case, the electrode released via circular diaphragms showed the same
amount of domain reorientation in 112/211 reflections as a clamped electrode. In comparison,
the electrode released via elongated diaphragms showed twice the amount of domain
reorientation compared to the clamped electrode at 1.5 Vc. This was shown through finite
element models to be due to the presence of in-plane stress in the circular diaphragms which was
not fully relieved upon the removal of the Si substrate. Due to the larger perimeter of released
boundary condition in the elongated diaphragms, this geometry was able to relax more, enabling
increased domain reorientation compared to the circular geometry. In globally released films, 3
vol% more domains were reoriented in the clamped film compared to the amount of reorientation
expressed by the electrode released via circular diaphragms. In contrast, in the electrode released
via elongated diaphragms, approximately 20vol% more domains reoriented at 3 Vc than in the
clamped electrode. This work demonstrates the importance of release geometry, in-plane stress,
and its effect on domain reorientation.
Declamping of PZT thin films was further investigated by transferring a CSD deposited
Pb(Zr0.52Ti0.48)0.98Nb0.02O3 film from a silicon substrate, where it was grown, to a polymer
substrate. A process was developed to do this using a PEALD deposited ZnO sacrificial etch
layer. While the method provided released electrodes, the release process produced cracking in
the films, specifically in areas without a top electrode. In spite of this, it was found that the film
on polymer showed a slight increase in maximum and average remanent polarization relative to
the film on Si. Drawing parallels to the behavior of PZT thin films deposited on glass, it is likely
this results in a better poled sample and a more saturated domain state. As a result, the dielectric
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irreversible Rayleigh coefficient () of the released film was approximately 19 cm/kV, about 9%
lower than the alpha measured in the clamped film, 21 cm/kV. Also, it was found that the overall
stress state of the film on polymer seems to be much closer to the circular diaphragm geometry
than the more released beam geometry. When unpoled Rayleigh coefficients were probed, there
was no increase in the alpha term for the released film. The reason for this is unknown, although
it is possibly related to an increase in the stiffness from the depression of the probe tip on the top
electrode. While further work is need to develop an improved process for the transfer of a PZT
film to a polymer substrate, this work presents a promising avenue as well as insight into how the
properties of the film change upon release.

5.2 Future Work
5.2.1. In Situ X-Ray Diffraction Studies on Elastic Layers
The results presented in the thesis provide quantitative information on domain
reorientation for two different substrates, however there are still unanswered questions. While it
is clear that the elastic properties of the substrate influence the response of the ferroelectric, a
more complete data set on elastic layers should be performed. It is anticipated that such a study
could provide insight into the differences reported between the work in this thesis on globally
released circular diaphragms and the work of Griggio et al. [1] and Yeager et al. [2]. Griggio et
al. showed that globally releasing circular diaphragms resulted in a 114% increase in the
irreversible Rayleigh coefficient, α, compared to clamped electrodes [1]. Similarly, Yeager et al.
showed approximately 40% higher α in globally released films compared to clamped [2]. In
contrast, work presented in this thesis showed globally released circular diaphragms showed less
domain reorientation than clamped electrodes at 3 Vc. On possibility for this disagreement is the
difference in thickness in elastic layers between the different works. The 30/70 films investigated
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in this thesis had a thicker SiO2 layer which may play a role in clamping the domain
reorientation. It would be useful to have an in situ diffraction study, to illuminate the role of an
elastic layer. Thus, it is suggested that domain switching should be studied in clamped and
released {001} oriented tetragonal PZT thin films with different thicknesses of SiO2 elastic
layers. Samples of clamped and released electrodes would be fabricated with varying thickness
of the elastic layer (100 nm to 2 µm). The following questions should be answered:
1) Clamped films: Can a thicker elastic layer (with a lower Young’s Modulus than Si, such
as SiO2) be used to reduce the effect of the substrate clamping domain wall motion?
2) Released films: Does the thickness of the elastic layer in the released section influence
domain reorientation, for instance, by changing the stiffness of the released section?
In particular, the elastic layer is expected to perform different functions in released and clamped
films. In a clamped film, it is the substrate which resists bending the most. By depositing thicker
layers of SiO2, the clamping due to the stiffness of the substrate is expected to be reduced,
enabling greater amounts of domain reorientation. In the released film, it is the elastic layer
which resists bending the most. In this context, it is expected that a thicker SiO2 layer will
decrease domain reorientation. The films should be released with a XeF2 etch in an elongated
diaphragm geometry used in Chapter 3 in order to be certain of the diaphragm state when
globally released. Circular diaphragms are known to break into anywhere from 2-4 different
sections. As this affects the ultimate mechanical boundary constraints in film, this geometry
should be avoided. In contrast, the elongated diaphragms exclusively break into two sections.
In addition to large signal measurements, in situ XRD with cyclic sub-coercive field, or
stroboscopic, measurements on these films are recommended, particularly on the released films.
Changing the thickness of the elastic layer should change the restoring force for domains to
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backswitch upon release in field. If the restoring force is smaller, for example in released films
with thin layers of SiO2, the domains are expected to backswitch to a smaller extent than in films
released on thicker layers of SiO2. This would leave films with thinner SiO2 layers with a more
saturated domain alignment after poling. Films with more saturated domain alignments have
been shown in this thesis to be correlated with lower irreversible Rayleigh coefficients. It was
hypothesized that this was due to fewer 90° domains available to reorient irreversibly. A direct
measurement of the 90° domain wall motion would be useful to have a quantitative measure of
how a more saturated domain state effects low field Rayleigh behavior. Beamline 11-ID-C has
the capability to apply low voltages (<10 V) at low frequencies (0.1 Hz).
In addition to in situ studies, Rayleigh behavior on the released and clamped films should
also be performed. This would provide a consistent set of Rayleigh responses which would be
especially useful for comparison to the referenced works.
5.2.2. Released Film Process Development
While a process for chemically releasing PZT films onto a polymer substrate has been
presented, increased development is still necessary. Additionally, modifying the procedure to
eliminate cracking and depression of the electrode upon actuation could enable measurements to
provide solid answers for remaining questions.
Film transfer using a sacrificial layer is attractive as it is allows a wide range of substrate
sizes and materials. However, the method presented in Chapter 4, due to the considerable time
the sacrificial etch took, resulted in cracking around the electrodes. As cracks will tend to
propagate, it would be useful to develop a procedure in which this does not occur. Additionally,
d33,f measurements are needed in released films.
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There are several possible ways that the release process can be improved to eliminate the
cracking in the brittle PZT film. The first is to keep the film from cracking. In the beginning of
the etch, the deformation of the film does not appear as extreme when compared to the end of the
etch, as shown in Figure 5.1. If there were more access points to the ZnO, for instance, in tiny
holes drilled into the material stack to expose the substrate, the ZnO etch would both be faster
and would eliminate the puckering which is the likely cause of cracking. Using RIE, holes could
be patterned into the polymer and underlying Pt/PZT/Pt/Al2O3 to expose the ZnO.

Figure 5.1. Pictures showing the evolution of the film as it is released from the silicon substrate in an acetic acid
bath.

If this process still produces cracks, then a vapor etch process should be pursued. In the
final stages of the release process, the parts of the film which are already released float in the
liquid acid. It is possible that the currents in the acid pull on the released film in a way which
exacerbates the deformation. If this is the case, moving completely away from a wet etch process
could help. Typically, HF vapor etch processes have been used to release MEMS structures [3].
While HF will attack the PZT, the backside should be protected by the 100 nm of Pt and 5 µm of
polyimide. On the frontside there will be a barrier of conformal PEALD deposited Al2O3
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between the ZnO and the PZT. The ZnO should etch faster than the Al2O3 in HF, however it is
possible another buffer layer might be necessary to protect the PZT if this method is employed.
A final option would be to use as exfoliation layer as shown by Shimoda et al. [4]. The
general idea behind this method is to fabricate the material on an amorphous silicon layer on a
transparent substrate. The substrate is then irradiated using a XeCl laser which will crystallize
the amorphous silicon, changing the interface between the exfoliation layer and the buffer layer,
and enabling separation of the film [4]. A schematic demonstrating the removal process is shown
in Figure 5.2 [4]. A similar method was used by Park et al. to release a 2 µm thick PZT film onto
a 125 µm thick polyethylene terephthalate (PET) substrate [5].

Figure 5.2. Schematic showing the process of releasing a film from its substrate through the use of an exfoliation
layer. The exfoliation layer interface is modified with XeCl laser irradiation causing a weaker connection to the
substrate.

157

Once the release process is fully developed, a d33,f measurement should be taken. To
eliminate beam scattering from an indentation of the probe tip, leads from the electrode to a
contact pad on the side should be integrated into the design. Additionally, by integrating leads,
measurement on flat capacitors can be made. This would also allow the hypothesis on probeinduced deflections limiting domain wall motion to be assessed.
Additionally, once the process is perfected, it would be interesting to take an in situ
measurement of domain reorientation on a polymer substrate. For this study, Pb(Zr0.30Ti0.70)O3 is
necessary as the beamline at 11-ID-C is not able to resolve the independent peaks in the MPB
composition. It would be interesting to compare the domain reorientation measured in a sample
with essentially no substrate with the results from the studies of films on glass and silicon,
described in Chapter 3.
5.2.3. Integrating TFTs onto PZT on Curved Substrates
Proof of concept experiments for control of X-ray optics with integrated ZnO electronics
and a piezoelectric layer were performed on flat glass wafers. Ultimately, the TFT array must be
integrated with the conical mirror pieces. This presents a challenge as contact mask aligners do
not have a large enough field of view to enable precision in feature size on a curved substrate
with the radii of curvature required [6]. Fabricating TFTs on a flat, flexible substrate (such as
polyimide) would allow for the micron feature size lithography steps to be done with
conventional contact lithography. As the pixels for TFT control are large (~1 cm2), the alignment
of the flexible TFTs to the substrate could be done by eye and metal contacts on either side could
be bonded using one of several different kinds of bonds. Gold diffusion bonding, anisotropic
conductive film (ACF), tape automated bonding (TAB) and wire bonding should be investigated
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to determine which is most suitable in conjunction with the glass mirrors. Stress from the
bonding must not induce cracking or excessive mirror deformation.
It will be important to choose the bonding method which imparts the smallest (both in
magnitude and area) deformation on the glass substrate/mirror. A Shack-Hartmann wave-front
sensor (WFS) should be used to assess the changes to the mirror shape due to the different
bonding methods. Flat glass wafers should be prepared for bonding by deposition of metal and
insulating bonding layers. The specific materials and methods are discussed below. A baseline
shape for the wafer will be measured using the WFS. This characterization method requires that
the wafer be bonded to a holder which positions the wafer. The wafer cannot be removed from
the holder after the initial measurement, so a support will be needed for the subsequent bonding.
Several bonding methods (tape automated, anisotropic conductive film and gold diffusion)
should be performed individually on previously measured glass wafers. The effect of the bonding
on the mirror profile would then be quantified using the WFS and compared to the initial
measurement.
After identifying the best bonding method, a transition to curved substrates should be
investigated. This will be a key engineering challenge. It will be necessary to develop a method
which allows the pressures from the bonding to be uniformly distributed across the mirror
without damaging the glass. In an attempt to provide sufficient support to the curved glass piece,
a mandrel used for slumping the glass could be used.
Au Diffusion Bond
Au diffusion bonding, sometimes referred to as cold welding, has been demonstrated to
be achievable at small loads and ambient temperatures on compliant elastomers, making this
method of bonding a good choice for bonding a flexible substrate of TFTs onto a curved
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substrate [7]–[9]. The elastomeric stamp allows for a thousand fold decrease in the pressures
needed to achieve a gold-gold bond due to the ability to conform the two surfaces to each other
[8]. Ferguson et al. demonstrated gold-gold bonding with low electrical resistance (< 0.4 Ω/cm2)
between thin gold films deposited on PDMS at small loads (< 0.1-0.2 g/cm2). This study
supports the claim that elastic substrates allow the Au layers to conform to each other which will
increase the Au-Au surface contact area, facilitating bonding [7]. Kim et al. using a similar
process (with one elastomeric substrate) demonstrated an Au-Au bond on a glass substrate at a
pressure of approximately 500 g over a contact area of 0.28 cm2. The low pressures needed allow
for bonding on a brittle substrate [8]. Diffusion bonds have also been demonstrated to be
appropriate for arrays [9].
Preliminary tests have been conducted to determine the feasibility of Au diffusion bonds
with the materials in question for this study. Au coated polyimide was placed in contact with a
piece of Au coated glass. The samples were placed in a platen press heated to 100 °C for two
minutes while a pressure of 2100 psi was applied. The bond was electrically conductive (2 Ω
measured via a multimeter) and so demonstrated a successful diffusion bond at low pressures.
However, further testing is required to determine the durability of the bonds and the stress
induced by this bonding process. It is anticipated that a mandrel will be used to keep the curved
substrate in compression.
Anisotropic Conductive Film (ACF)
Anisotropic conductive film (ACF) is another bonding option to electrically connect the
TFT array to the PZT pixels. ACF bonding is widely used in flip-chip and display technologies
due to the high reliability and low cost of the ACF bonds. A typical ACF bond is achieved by
placing an ACF adhesive between a flexible (flex cable) and a rigid substrate (the sample). A
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cycle of heating and cooling is applied under pressure, resulting in a connection where the
electrical conductivity is limited to the z-direction.
Anisotropic conductive film generally is composed of a matrix of epoxy containing
conductive particles. The particles typically have a polymer core coated with nickel-gold and a
very thin polymer insulating coating. Where heat and pressure are applied, the epoxy flows,
enabling the contacts to pushed away the thin polymer coating, allowing the flow of electricity
vertically. The epoxy hardens upon cooling, which holds the spheres in their conducting state
[10]. ACF bonding has already been demonstrated to be compatible with the materials in
question. It is currently used to make electrical connection between the control electronics and
the monolithically fabricated TFT array. What is not known is whether this deforms the glass
locally.
Tape Automated Bonding (TAB)/Wirebonding
TAB bonding was created as an alternative to wire bonding and has been reported for
integration of liquid crystal display driver circuits. It is suggested that in order to assess the
viability of this method for the X-ray optics application, a gold bump could be electroplated onto
the surface of the glass substrate. This would be connected directly to leads attached to the PZT.
The idea is similar to the diffusion bond, however this method incorporates some ultrasonic
excitation which helps the bond to form at lower pressures. Z. Preiskorn at PSU calculated that
a150 °C bonding temperature and local pressure of 70 N/mm2 will be suitable for the bond.
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Appendix – Photoresist recipes
Table A.1 Shipley SPR 955 2.1

Wafer Preparation
Spin Photoresist

Bake steps sequence

Exposure Sequence
Develop

Photoresist Recipe: Shipley SPR 955 2.1
Bake the wafer at ~105 °C to remove excess water from the surface
Each Layer: 2000 rpm for 45 seconds
*Spin speed was optimized to produce a coating that was both thick
(~3 µm) and uniform
Layer 1: 105 °C for 10 minutes
Layer 2: 105 °C for 5 minutes
Layer 3: 105 °C for 5 minutes
Layer 4: 105 °C for 2 minutes
10 s exposure, 30 s wait, repeated 5 times at 8 mW/cm2
CD-26 for 3-4 minutes
* Once the wafer is removed from the developer, rinsed, and dried, the
resist will not develop further

Shipley SPR 955 2.1 photoresist was used as a mask for features to be etched with RIE. The
sequence below is for a resist stack that was typically 12 µm thick in total. For applications
which do not require such thick resists, the number of layers can be modified. A spin speed of
2000 rpm was found to be the lower limit in producing uniform layers of resist. Additionally,
longer initial soft-bake times and multiple exposures with wait times were both employed to
reduce bubbles that might be introduced due to nitrogen outgassing during the exposure step.
After exposure, it is critical to keep the sample in the developer until the pattern has finished
developing. Otherwise, once rinsed and dried, the resist will no longer develop. With very small
features and such thick resist, develop times of different sized structures can vary. Because of
this, often large area alignment marks were used to gauge when the develop was almost finished,
keeping the wafer submerged for ~ 30 seconds after these larger features are finished developing.
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Table A.2 Shipley SPR 3012

Wafer Preparation
Spin Photoresist

Photoresist Recipe: Shipley SPR 3012
For double layer lithography, spin LOR 5A first
Using dynamic dispensing, apply photoresist and spin at 4000 rpm for
45 seconds

Soft-bake
Exposure
Develop

95 °C for 1 minute
7 seconds at 8 mW/cm2 (Hard Contact)
CD-26 for 1 minute, single layer
CD-26 for 2 minutes, double layer
Shipley 3012 was used primarily as the patterned resist for double layer lithography or for some
steps where only one layer of resist was needed and sample sensitivity to developer was not an
issue.
Table A.3 LOR 5A

Wafer Preparation
Spin Photoresist
Soft-bake
Exposure
Develop

Photoresist Recipe: LOR 5A
Remove particulates using nitrogen air gun
Using dynamic dispensing, apply photoresist and spin at 4000 rpm for
45 seconds
180 °C for 2 minutes
CD-26

LOR5A is used as a lift off resist for double layer lithography where the sample is not sensitive
to tetramethylammonium hydroxide (TMAH), the active component in CD-26 developer.

Table A.4 Microposit S1813

Wafer Preparation
Spin Photoresist

Photoresist Recipe: Microposit S1813
Remove particulates using nitrogen air gun
Using dynamic dispensing, apply photoresist and spin at 4000 rpm for
45 seconds

Soft-bake
Exposure
Develop

Bake at 105 °C for 90 seconds
4 second exposure
Water and 351 (ratio: 3:1, water:351) for 1 minute

1813 photoresist was used for patterning of ZnO and Al2O3 and for electrodes deposited on these
materials. Both ZnO and Al2O3 are sensitive to the TMAH in CD-26 developer and will etch
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away in its presence. Neither material is volatile in 351 so a dilute solution is prepared for
developing on these materials.

Table A.5 Double layer lithography with PMMA 950 A3
Photoresist Recipe: Double layer lithography with PMMA 950 A3
Wafer Preparation
Remove particulates using nitrogen air gun
Spin Photoresist
Using dynamic dispensing, apply photoresist and spin at 4000 rpm for
45 seconds
1st – PMMA
2nd – 1811 (diluted version of 1813 provided by the Jackson Lab)
Soft-bake
PMMA – 180 °C, 10 minutes
1811 – 90 °C, 1 minute
Exposure
2 second exposure
Develop
1811 – 4:1 water:351, ~45 seconds
Oxygen plasma etch of intermix layer that forms between 1811 and
PMMA for 4 minutes
Expose PMMA to UV light source for 3 minutes flowing nitrogen
Develop PMMA in toluene squirt bottle for 1 minute. Important to
continually refresh the toluene on the surface

This double layer lithography is used for the source and drain contacts for TFTs since a reactive
developer is not needed for these resists. If the PMMA is exposed in air, it is likely that ozone
will be created, reacting with the PMMA, and resulting in non-uniform development of the
resist.

Inhibition Layer Lift off Profile
Depositing thin, uniform layers of photoresist using conventional spin processes is
complicated on curved substrates. As such, a USI Prism 300 spray coater was investigated to
deposit a single layer resist with a lift off profile. Initial experiments were conducted on flat
pieces although it is expected that the process should translate to curved pieces as well.
It was found that typical resists for double layer lithography (PMMA or LOR) were not
easily compatible with the spray coater. Instead, to create the proper photoresist profile, a
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technique is used where exposure to the developer, CD-26, creates an inhibition layer at the
surface of the photoresist. This layer has lower solubility in the developer and so upon
development, an overhang exists [1].
The general process is to spray coat 2 microns of AZ4999 and let sit 30 minutes. Then,
dip the wafer in CD-26 (TMAH) for 40 seconds. Soft bake at 105 °C for 90 seconds, expose for
10 seconds and develop for 75 seconds. Figure 3.5.2 shows a FESEM micrograph example of the
photoresist profile from this process. One important note about this process is that the heating
profile is important in achieving the correct shape of the resist.

Figure A.1. The photoresist profile of AZ4999 when developed using a surface inhibition layer.

[1]

R. Redd, D. Maurer, and L. S. Klingbeil, “Revitalization of Single Layer Lift-Off for
Finer Resolution and Challenging Topography,” in 2001 GaAs MANTECH Conference.
Digest of Papers, 2001, pp. 99–101.
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