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Abstract 

Ferroelectric thin films such as lead zirconate titanate (PZT) have high dielectric 

and piezoelectric properties which can be utilized in actuators, sensors, transducers, and 

energy harvesters in microelectromechanical systems (MEMS). A small film thickness 

enables low voltage operation of such devices; however, property degradation limits the 

extent that the film thickness can be reduced while maintaining performance. This 

dissertation describes the impact that different electrical and mechanical boundary 

conditions have on the dielectric properties of PZT thin films for a variety of thicknesses 

(ranging from 0.27 to 1.11 µm). Specifically, variations in elastic layer thickness, 

substrate clamping, residual stress and domain state were investigated. A novel approach 

to quantitatively deconstruct the relative permittivity into three contributions (intrinsic, 

reversible extrinsic and irreversible extrinsic) was developed using a combination of X-

ray diffraction and Rayleigh analysis. This work aims to determine which factors are 

associated with scaling effects in tetragonal {001} textured Pb0.99(Zr0.3Ti0.7)0.98Nb0.02O3 

(PZT 30/70) thin films. 

It is generally accepted that scaling effects play a key role in the suppression of 

ferroelectric responses in thin films (< 1 μm), though the type and extent of this 

contribution is still debated. Scaling effects refer to the size-induced degradation of 

properties at length scales exceeding those associated with the ferroelectric stability limit. 

For a blanket PZT 30/70 film clamped to a Si substrate, the thickness dependence of the 

irreversible and reversible Rayleigh coefficients was investigated using Rayleigh 

analysis. The irreversible Rayleigh coefficient was found to be thickness dependent. By 
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partially releasing the films from the substrate, the suppression of extrinsic contributions 

to the relative permittivity was alleviated. A greater increase in the irreversible Rayleigh 

coefficient was observed for thicker films (1.11 μm) compared to thinner films (0.56 μm 

– 0.27 μm). Therefore, substrate clamping contributes to scaling effects. After the films 

were partially declamped from the substrate, the irreversible contributions increased up to 

23% in Nb-doped films and became more frequency-dependent (by up to 29%).  

Defects in a low-dielectric, Mn-doped seed layer also suppressed the extrinsic as 

well as the intrinsic contributions to the relative permittivity and contributed to the 

observed thickness dependence in the irreversible and reversible Rayleigh coefficients. 

The influence of the seed layer on dielectric properties was accounted for using a 

capacitor in series model. The suppressed frequency dependence in the clamped films 

was attributed to the pinning of irreversible domain walls active at lower frequencies. 

Both the seed layer and substrate clamping contributed to the pinning of irreversible 

domain walls. 

The thickness dependence of intrinsic and extrinsic contributions to the dielectric 

properties was elucidated from a combination of X-ray diffraction and Rayleigh analysis. 

In situ synchrotron X-ray diffraction was used to understand the influence of residual 

stress and substrate clamping on the domain state, ferroelastic domain reorientation and 

electric-field-induced strain in PZT 30/70 thin films. A thickness-dependent in-plane 

tensile stress developed in clamped, blanket PZT films during processing which dictates 

the domain structure even after poling. Defects and thermal stresses contribute to the 

greater in-plane tensile stress in the thinner films, resulting in this thickness dependence. 
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However, after the films were partially declamped from the substrate and annealed, the 

residual stress was alleviated. As a result, the thickness dependence of the volume 

fraction of c-domains largely disappeared, and the out-of-plane d-spacings for both a and 

c-domains increased in the thinnest film.  

By poling the films, irreversible changes in the domain state and domain structure 

were induced as a result of 90° domain reorientation, domain coarsening, and lattice 

strain. Upon poling, thicker films experienced a greater coarsening of c-domains which 

resulted in reduced domain wall densities and a larger change in the reversible Rayleigh 

coefficient. The volume fraction of c-domains was used to calculate the intrinsic relative 

permittivity; the reversible Rayleigh coefficient was then used to separate the intrinsic 

and the reversible extrinsic contributions. The reversible extrinsic response contributed to 

more than 70% of the overall relative permittivity and was thickness dependent even after 

poling and upon release. 

Some PiezoMEMS devices, such as cantilevers and fixed-fixed beams, operate in 

a partially released state. For these devices, the thickness of the passive layer is known to 

tune the rigidity, deflection and resonance frequency for tailored device performance. 

However, as the rigidity of the device increases, at some point the ferroelastic response of 

the active layer will be suppressed. Therefore, the influence of passive layer thickness on 

the performance of the active layer is of interest.  

The deflection of cantilevers and fixed-fixed beams with a tetragonal {001} PZT 

30/70 active layer and a SiO2 elastic layer in an IrO2/PZT/PbTiO3/Pt/TiO2/SiO2 device 

stack was characterized experimentally and by finite element modeling. Differences in 
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the magnitude of the tip displacement were attributed to the variances in rigidity of the 

device stack associated with different SiO2 thicknesses. It was found that bending of the 

cantilevers was dictated by the competing integrated stresses of the IrO2 top electrode and 

the SiO2 elastic layer. Upon release, the PZT films showed increased reversible Rayleigh 

coefficients but decreased irreversible Rayleigh coefficients, regardless of SiO2 thickness 

(2.035 and 0.76 µm), for both cantilever and fixed-fixed beam geometries. These data 

suggest that upon release, at least some of the domain walls transition from irreversible to 

reversible motion. For cantilevers and fixed-fixed beams with the thinner SiO2 layers, the 

electroded PZT region deflected downward, placing PZT under further in-plane tension. 

This was correlated with a further decrease in the irreversible and reversible domain wall 

motion contributions to the relative permittivity. 
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Chapter: 1 Introduction and Background 

1.1 Piezoelectrics 

 Piezoelectrics are a type of electroceramic that exhibit the ability to interconvert 

mechanical and electrical energies. There are two types of piezoelectric effects: the direct 

effect and the converse effect.[1] The direct effect describes the materials ability to develop 

dielectric displacement (𝐷𝑖) when subject to an applied mechanical stress (𝜎𝑗𝑘), as shown 

in Equation 1-1.   

𝐷𝑖 = 𝑑𝑖𝑗𝑘𝜎𝑗𝑘 1-1 

In all tensor relationships mentioned, such as that in Equation 1-1, the tensor is described 

in an orthogonal coordinate system and utilizes summation over repeated indices.[2] The 

piezoelectric coefficient (𝑑𝑖𝑗𝑘) can be used to describe the linear relationship between stress 

and polarization. In order for a material to exhibit piezoelectricity, a non-centrosymmetric 

crystal structure, i.e. a crystal structure that lacks a center of symmetry, is needed. 

Piezoelectric sensors take advantage of the direct effect, whereas the converse effect is 

utilized in actuator applications. The converse effect describes the material’s ability to 

mechanically strain (𝑥𝑖𝑗) in response to an applied electric field (𝐸𝑘), as shown in Equation 

1-2.  

𝑥𝑖𝑗 = 𝑑𝑘𝑖𝑗𝐸𝑘 1-2 

 This coupling allows for multi-functionality and enables the advancement of many 

modern technologies. For example, thin film piezoelectrics combined with silicon 

technology leads to miniaturized mechanical devices such as microelectromechanical 
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systems (MEMS) including sensors, actuators, switches and  

transducers.[3][4][5][6][7][8][9][10][11][12]  

 For insulating materials, a polarization is induced via application of an electric 

field. As a result, charge is collected on the surface of the material. The total charge density 

(i.e. the dielectric displacement, 𝐷𝑖) can be related to the induced polarization (𝑃𝑖) and 

applied electric field using Equation 1-3. 

𝐷𝑖 = 𝜀0𝐸𝑖 + 𝑃𝑖 1-3 

The constant 𝜀0 represents the dielectric permittivity of a vacuum (8.854x10-12 F/m). Like 

the dielectric displacement, the induced polarization is also dependent on the applied 

electric field, as shown in Equation 1-4, where 𝜒𝑖𝑗 is the dielectric susceptibility. 

𝑃𝑖 = 𝜀0𝜒𝑖𝑗𝐸𝑗 1-4 

By combining Equation 1-3 and Equation 1-4, a relationship between the dielectric 

displacement and the applied electric field can be obtained, as shown in Equation 1-5. 

𝐷𝑖 = (1 − 𝜒𝑖𝑗)𝜀0𝐸𝑗 1-5 

The permittivity (𝜀𝑖𝑗) of the dielectric is defined in Equation 1-6. The relative permittivity 

is normalized relative to that of a vacuum: 𝜀𝑟 =
𝜀𝑖𝑗

𝜀0
. 

𝜀𝑖𝑗 = (1 + 𝜒𝑖𝑗)𝜀0 1-6 

1.2 Ferroelectrics 

 Ferroelectrics are a type of piezoelectric that exhibit a spontaneous polarization (Ps) 

which is reorientable with an applied electric field along crystallographically defined 
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directions.[13] Polarization reversal is commonly utilized in non-volatile FRAM to write 

memory. Ferroelectricity can only occur in materials that are non-centrosymmetric and 

have a unique polar axis. Axes of the orthogonal coordinate system (x, y, z) are oriented 

(where possible) along crystallographic axes of a material, with the z-axis typically defined 

along the polarization direction or normal to a thin film’s surface. Atomistically, the 

polarization arises from a separation of the center of positive and negative charge in a unit 

cell. In a tetragonal perovskite crystal structure with chemical formula ABO3, Ps occurs 

along the z-axis in which the central cation (B) is displaced relative to the anion (O) 

octahedra. Figure 1-1 shows an example of a perovskite crystal structure in the cubic (non-

polar) paralelectric phase, in which Ps does not exist, and the tetragonal (polar) ferroelectric 

phase, in which Ps results from the displacement of the Ti central cation along the long axis 

of the unit cell. 

 

Figure 1-1: A comparison of the cubic paralelectric phase and tetragonal ferroelectric phase of the perovskite 

crystal structure ABO3. The displacement is exaggerated for clarity. 
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1.3 Lead Zirconate Titanate 

 Lead-based perovskites such as Pb(ZrxTi1-x)O3 (PZT) are common ferroelectric 

materials used in PiezoMEMS technology for their relatively high dielectric and 

piezoelectric properties compared to non-ferroelectric, piezoelectric materials.[14] For 

these and other applications, ferroelectrics are incorporated into thin films which can be 

scaled by reducing film thickness to reduce operation voltage.  

 PZT is a solid solution of ferroelectric PbTiO3 and antiferroelectric ZrTiO3. As 

such, the crystal structure of PZT changes with composition. A Zr:Ti ratio of less than 

52:48 will result in a tetragonal crystal structure with P4mm symmetry; whereas, a Zr:Ti 

ratio that is between 56:44 and 95:05 will result in a rhombohedral crystal structure with 

R3m symmetry, as shown in the phase diagram of Figure 1-2.[15] At the morphotropic 

phase boundary, where the Zr:Ti ratio is ~52:48, multiple phases exist, resulting in 

structural instability and enhanced dielectric and piezoelectric properties, as shown for the 

dielectric constant (K) in Figure 1-2.[15][16]  
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1.4 Ferroelectric Domain Structure and Formation 

 Although ferroelectrics have Ps defined along the unique polar axis, the orientation 

of Ps can vary within the material. Regions of uniform polarization within a ferroelectric 

are called domains and are separated by 180° or non-180° domain walls.[17] For example, 

180° domain walls separate domains with Ps that are oriented 180° from each other. In a 

perfect tetragonal ferroelectric, 90° domain walls are the only non-180° domain walls that 

exist and separate domains with Ps that are oriented 90° from each other, as shown in Figure 

1-3. In tetragonal ferroelectric thin films, the term c-domains is used to describe domains 

in which the Ps is oriented out-of-plane (normal to the film surface). In contrast, the term 

a-domains is used to describe domains in which the Ps is oriented in-the-plane of the film. 

 

Figure 1-2: The PbTiO3-PbZrO3 binary sub-solidus phase diagram with an overlay comparison of the 

dielectric constant (K) vs. mole % of PbTiO3 measured at room temperature, adapted from B. Jaffe et al.[15] 

A maximum in K is observed near the morphotropic phase boundary. The monoclinic phase is not shown. 
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 By switching the direction of the applied electric field, Ps can be switched from -P 

to +P, represented by the ferroelectric polarization vs. electric field hysteresis loop (P-E 

loop), as shown in Figure 1-4.[18][19] At low applied alternating-current (ac) electric 

fields, there is a linear relationship between polarization and field amplitude (segment AB 

in the figure). This is an intrinsic response, in which the electric field further displaces the 

center of positive and negative charge in domains with Ps parallel to the applied electric 

field, resulting in a distortion of the unit cell. If a large enough field is applied, Ps oriented 

at an angle to the applied field direction will be reoriented parallel to parallel to the applied 

field direction. This is an extrinsic response, resulting in a nonlinear increase in polarization 

with the applied electric field (segment BC in the figure). As domains with Ps parallel to 

the applied field direction nucleate and grow, domain wall motion occurs. Due to its 

piezoelectric properties, a lattice strain can occur during non-180° domains reorientation, 

known as ferroelectric/ferroelastic domain reorientation, since domains switch between 

dissimilar unit cell dimensions. In contrast, 180° domain reorientation or ferroelectric 

domain orientation does not result in changes in strain of the unit cell. Finally, at high 

 

Figure 1-3: The intrinsic and extrinsic response to an applied electric field. The intrinsic response is 

associated with the displacement of the central cation parallel to the applied field, resulting in the distortion 

of the unit cell. The extrinsic response is the movement of interfaces such as 90° and 180° domain walls in a 

tetragonal system. 
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fields, the P-E loop saturates when all domains have been reoriented to the applied electric 

field, resulting in a mono-domain material.  

1.5 Rayleigh Analysis 

The nonlinearity in the relative permittivity along with the hysteresis in the 

polarization can be quantified at sub-coercive, alternating current (ac) electric fields using 

the Rayleigh law, as shown in Equation 1-7 and 1-8.[20][21] 

𝑃(𝐸) = 𝜀0(𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝛼𝜀𝐸0)𝐸 ±
𝛼𝜀

2
𝜀0(𝐸0

2 − 𝐸2) 
1-7 

 

 

Figure 1-4: Polarization vs. electric field (P-E) hysteresis loop of a polycrystalline and single crystal 

ferroelectric ceramic. The polycrystalline P-E loop was measured on a {001}-textured, 1.11 µm tetragonal 

Pb(Zr0.3Ti0.7)O3 thin film. Schematics A-F represent different domain states during a P-E cycle for an 

appropriately oriented single crystal with only 180° domain walls present. 
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𝜀𝑟 = 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝛼𝜀𝐸0 1-8 

Equation 1-7 describes the nonlinear dependence of the polarization (𝑃) on the 

driving field (𝐸), where 𝐸 = 𝐸0 sin(𝜔𝑡), 𝐸0is the driving field amplitude, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the 

reversible dielectric Rayleigh coefficient and 𝛼𝜀 is the irreversible Rayleigh coefficient. 

𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 arises from the reversible extrinsic contributions as well as the intrinsic 

contributions to the permittivity. 𝛼𝜀 is associated with the irreversible movement of 

interfaces, i.e. domain walls or phase boundaries over a potential energy barrier within a 

random potential energy landscape.[21] The complex potential energy landscape is dictated 

by local strains and internal electric fields that exist within the material as a result of defects 

and residual stresses, as shown in Figure 1-5. At low applied electric fields, domain walls 

oscillate reversible within a deep potential energy minima. If a large enough electric field 

is applied, however, the potential energy barrier for domain wall motion can be overcome, 

resulting in irreversible movement of domain walls from one minimum to another. To 

quantify the irreversible and reversible domain wall motion contributions to the relative 

permittivity, the potential energy landscape needs to remain constant, which is typically 

achieved by limiting the applied electric field amplitude to half the coercive field (𝐸0 <

0.5 ∗ 𝐸𝑐). Chapter 2 uses Rayleigh analysis to describe the film thickness dependence of 

domain wall motion contributions in a clamped, blanket film and how the thickness 

dependence changes when the film is released from the substrate. Although Rayleigh 

analysis can be used to separate irreversible extrinsic contributions from the overall 

response, the technique is unable to differentiate the intrinsic response from the reversible 

extrinsic response, and is therefore limited. 
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1.6 X-ray Diffraction 

 X-ray diffraction (XRD) is used for characterizing a variety of material properties 

related to crystallographic structure including phase, orientation, crystallite size, domain 

distributions, lattice strain and microstrain. Synchrotron sources offer high brilliance X-

rays and advanced X-ray optics which are useful for irradiating a small volume of material, 

such as thin films, or spatially small features, such as electroded features on MEMS 

devices. Additionally, synchrotron facilities provide advanced detectors which enable 

time-resolved diffraction of crystallographic changes stimulated by external electric fields. 

The application of an electric field while measuring XRD patterns in situ can 

provide additional information about the electromechanical response in ferroelectric 

materials including electric field induced lattice strain and ferroelectric/ferroelastic domain 

reorientation. An intrinsic response to an applied electric field will result in lattice strain 

and is indicated by the shifting of the peak positions in an XRD pattern. For example, in a 

{001} textured tetragonal perovskite ferroelectrics in which only a and c-domains exist, 

the peak position of the 00l reflection will decrease to lower 2θ positions (higher d-

 

Figure 1-5: A diagram of reversible motion of a domain wall within a deep potential energy well and 

irreversible motion of a domain wall within a shallow potential energy well within a potential energy 

landscape of a ferroelectric material. 
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spacing); whereas that of the h00 reflection will increase to higher 2θ positions (lower d-

spacing) during application of an electric field oriented normal to the film surface, as shown 

in Figure 1-6. These peak shifts correspond to the increase of the out-of-plane d-spacing of 

the c-domains and the decrease of the out-of-plane d-spacing of the a-domains in response 

to the applied electric field.  

An extrinsic response to an applied electric field will result in ferroelastic domain 

reorientation and is indicated by the change in integrated peak intensity. For a {001} 

textured tetragonal perovskite ferroelectrics in which only a and c-domains exist, 

ferroelastic 90° domain reorientation (𝜂002) can be calculated as the electric field induced 

change in the volume fraction of c-domains in the direction normal to the film surface 

(𝜈002), as shown in Equation 1-9. 

 

Figure 1-6: (a) An XRD pattern showing the change in the 002 and 200 peak position during application of 

an electric field for a {001}-textured, 1.11 µm tetragonal Pb(Zr0.3Ti0.7)O3 thin film. (b) A complimentary 

schematic showing the change in the out-of-plane d-spacings of a and c-domains during application of 

electric field in the out-of-plane direction with crystallographic representations of the d-spacings with respect 

to the spontaneous polarization direction (c). The dashed lines in (b) correspond to the original shape. The 

red dashed lines in (c) correspond to the original shape.  
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𝜂002 = 𝜈002 − 𝜈002
0𝑓𝑖𝑒𝑙𝑑

 1-9 

𝜈002 is determined from the integrated intensities of the 002 and 200 reflections, using 

Equation 1-10.[22][23]  

𝜈002 =

𝐼002

𝐼002
′

𝐼002

𝐼002
′ + 2

𝐼200

𝐼200
′

 

1-10 

The term 𝐼ℎ𝑘𝑙 represents the integrated intensity of the hkl reflection where 00l 

represents c-domain reflections and h00 represents a-domain reflections. 𝐼ℎ𝑘𝑙
′  represents 

the reference intensity from the powder diffraction file (𝐼002
′ =109 and 𝐼200

′ =249 for PZT 

30/70).[24] 

XRD can be coupled with Rayleigh analysis to deconvolute the intrinsic 

contributions from the reversible, extrinsic contributions to the relative permittivity 

represented in the reversible Rayleigh coefficient 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙. Based on the volume fraction of 

a-domains and c-domains measured during XRD, intrinsic relative permittivity values can 

be calculated using Equation 1-11 which accounts for the inherent dielectric anisotropy of 

a tetragonal PZT film.  

𝜀𝑟,𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 = 𝜈200 ∗ (𝜒11 + 1) + 𝜈002 ∗ (𝜒33 + 1) 1-11 

In this equation, 𝜈002 is the volume fraction of c-domains determined from 

diffraction measurements. The free dielectric susceptibility values were taken from 

reference [25]. The reversible, extrinsic contributions to the relative permittivity can be 

determined using Equation 1-12, in which 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
0 𝐻𝑧  is the extrapolated reversible Rayleigh 

coefficient at 0 Hz.  



12 

 

𝜀𝑟,𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐 = 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
0 𝐻𝑧 − 𝜀𝑟,𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 1-12 

The irreversible, extrinsic contributions to the relative permittivity can be determined using 

the irreversible Rayleigh coefficient, 𝛼𝜀, as shown in Equation 1-13. 

𝜀𝑟,𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 = 𝛼𝜀𝐸0 1-13 

 Rayleigh analysis in combination with XRD can quantify the suppression of 

extrinsic contributions to the relative permittivity, such as the pinning of domain walls due 

to the presence of structural defects and residual stresses. This method is used in Chapter 

3 to understand how residual stress and substrate clamping influences the film thickness 

dependence of reversible domain wall motions contributions and intrinsic contributions, 

individually. 

1.7 Residual Stresses in Thin Films 

 Polycrystalline PZT thin films have suppressed dielectric and piezoelectric 

properties compared to their bulk ceramic counterparts. The suppressed properties are in 

part due to the residual stresses that develop within the film during processing that limit 

electromechanical behavior and ultimately inhibit domain wall motion. As a result, the 

extrinsic contributions to the relative permittivity is reduced. The total residual stress (𝜎𝑡𝑜𝑡) 

in a film is comprised of both thermal (𝜎𝑡ℎ) and intrinsic (𝜎𝑖) stresses, as shown in Equation 

1-14.[26] 

𝜎𝑡𝑜𝑡 = 𝜎𝑡ℎ + 𝜎𝑖 1-14 

The thermal stress develops upon cooling below the transition temperature from the 

paraelectric cubic phase to the room temperature ferroelectric tetragonal phase. 𝜎𝑡ℎ is 



13 

 

related to the thermal expansion coefficient mismatch between the film (𝛼𝑓) and the 

substrate (𝛼𝑠), as shown in Equation 1-15. 

𝜎𝑡ℎ =
𝐸𝑓

(1 − 𝜈𝑓)
(𝛼𝑓 − 𝛼𝑠)Δ𝑇 

1-15 

𝐸𝑓 and 𝜈𝑓 are the Young’s modulus and Poisson’s ratio of the film, and Δ𝑇 is the 

temperature processing window used during film synthesis. In contrast, intrinsic stresses 

are related to microstructural and/or crystallographic flaws such as line defects or non-

stoichiometric defects that form during film deposition and crystallization. In a 

PiezoMEMS device such as a cantilever or fixed-fixed beam geometry, residual stress and 

thickness of each layer in a multilayered device can have a major impact on the mechanical 

and ferroelastic properties of the device, discussed in Chapter 4. 

1.8 Scaling Effects 

 In addition to residual stresses, other factors can contribute to the suppression of 

the dielectric and piezoelectric properties in PZT thin films and are exacerbated as film 

thickness decreases. The thickness dependent degradation of the piezoelectric and 

dielectric properties at small length scales (typically between 10 nm and 1 µm) is known 

as scaling effects, as shown in Figure 1-7. Scaling effects can be caused by thickness-

dependent variations in residual stresses, grain size, interfacial passive layers, substrate 

clamping, electrode screening, depolarization fields, non-stoichiometric defect 

concentrations, domain distributions and domain wall mobility. 

[27][28][29][30][31][32][33]  
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 Typically, in PZT thin films, a low dielectric permittivity interfacial layer exists at 

the film-substrate interface and/or film surface due to lead loss to the substrate and ambient, 

respectively, during crystallization. In a thick film, the interfacial layers make up a small 

volume fraction of the overall film and have little consequence on the film properties. 

 

Figure 1-7: The thickness dependence of the relative permittivity (εr,33) and piezoelectric coefficient (d33) 

measured at room temperature of a variety of ferroelectric materials including polycrystalline  and epitaxial 

PZT thin films with either  morphotropic or tetragonal composition, polycrystalline PLaZT of various 

compositions, and other PZT-based and lead-free materials for a variety of processing conditions. Figure 

taken from Ihlefeld et al.[34] 



15 

 

However, as film thickness decreases, the volume fraction of the thin film that is made of 

the low permittivity interfacial layers increases. Since the layers act as capacitors in series, 

scaling down the film thickness ultimately degrades the dielectric constant. Grain 

boundaries also act as low dielectric regions due to their high concentration of defects and 

structural flaws. As film thickness decreases, studies have shown that grain size also 

decreases. As a result, the volume fraction of grain boundaries within a thin film increases, 

lowering the dielectric constant. Therefore, grain size effects can also exacerbate the 

degradation of the dielectric and piezoelectric properties as film thickness decreases. A 

comparison of scaling effects associated with grain size vs. interfacial passive layers is 

shown in Figure 1-8. 

 Due to the electromechanical nature of ferroelectrics, the factors that contribute to 

scaling effects are often interconnected. For example, variations in residual stresses can 

result in variations in domain distributions. PZT thin films processed on Si substrate are 

under tensile residual stresses due to the thermal expansion coefficient mismatch between 

the film and the substrate. The tensile residual stress forms upon cooling below the 

 

Figure 1-8: (a) A diagram of the low dielectric permittivity regions (light blue) along the film-substrate 

interface, film surface and grain boundaries within a thin film with columnar grains. As the film thickness or 

grain size is scaled down, the volume fraction of the low dielectric permittivity regions increases. (b) and (c) 

shows the thickness dependence of the relative permittivity (εr) as a result of the scaling of film thickness and 

grain size, respectively. This figure is adapted from Ihlefeld et al.[34] 
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transition temperature of PZT. Therefore, the residual stress dictates the domain 

distribution that forms, favoring higher volume fractions of a-domains with the long axis 

of the unit cell in the plane of the film to better accommodate the in-plane tensile stress. 

Both the in-plane tensile stress and the predominantly a-domain state will suppress the 

dielectric and piezoelectric properties of PZT thin films. Residual stresses can 

mechanically suppress domain wall motion or domain wall mobility. Additionally, reduced 

domain wall densities, due to a predominantly a-domain state, can limit the extrinsic 

contributions to the relative permittivity. To minimize or prevent the property degradation 

in thin films at small length scales, it is necessary to investigate how these factors influence 

each other in order to determine the underlying mechanisms behind scaling effects.  
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Chapter: 2 Thickness Dependent Response of Domain Wall 

Motion in Declamped {001} Pb(Zr0.3Ti0.7)O3 Thin Films 

Portions of this chapter are reproduced from: L. M. Denis, G. Esteves, J. Walker, J. L. Jones, and 

S. Trolier-McKinstry, “Thickness dependent response of domain wall motion in declamped {001} 

Pb(Zr0.3Ti0.7)O3 thin films,” Acta Mater., 151, 243-252, (2018). 

2.1 Introduction 

Ferroelectric thin films such as Pb(ZrxTi1-x)O3 (PZT) have high dielectric and 

piezoelectric properties which can be utilized in actuators, sensors, transducers, and energy 

harvesters in microelectromechanical systems (MEMS).[4][8] A small film thickness is 

necessary when high capacitance density (including thin film multilayer ceramic 

capacitors) or low voltage operation is required.[35][36][37] However, thickness-

dependent property degradation limits the extent that the film thickness can be reduced 

while maintaining the performance of such devices.[34][38]  

Scaling effects are the size-induced degradation of piezoelectric, ferroelectric and 

dielectric properties at length scales (typically between 10 nm and 1 μm) exceeding those 

associated with the thermodynamic stability limits for a ferroelectric phase (~1 

nm).[34][39] Scaling effects in ferroelectric films are caused by: substrate clamping, 

residual stresses, dislocations, interfacial passive layers, electrode screening, 

depolarization fields, changes in grain size, a higher concentration of defects at the film-

substrate interface, or thickness-dependent changes in the domain wall population and/or 

changes in the domain wall mobility.[27][28][29][30][31][32][33] Additionally, scaling 

effects can be exacerbated by processing. Conversely, size effects are caused by the 
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suppression of the intrinsic contribution to the material response as length scales approach 

the limits of thermodynamic stability for a ferroelectric phase (~1 nm). Examples of 

suppressed intrinsic contribution include the reduction of ferroelectric distortions, 

polarization, piezoelectric coefficients, and permittivity.  

Scaling effects are manifested in the degradation of the longitudinal piezoelectric 

coefficient and relative permittivity as a function of film thickness. This phenomenon is 

evident for both epitaxial and polycrystalline ferroelectric films of various 

compositions.[34] In most Pb-based perovskites, the relative permittivity (𝜀𝑟,33) starts to 

decay significantly below a film thickness of ~100 nm; however, in some cases, gradual 

decreases in the permittivity start in films as thick as ~1 μm.[40] Since the degradation of 

𝜀𝑟,33 occurs at film thicknesses much greater than the ferroelectric stability limit, the 

property degradation at these lengths scales is attributed to extrinsic scaling 

effects.[41][42] In particular, it is observed that ferroelastic non-180° domain wall motion 

is suppressed as thickness decreases.  

The nonlinearity in the relative permittivity along with the hysteresis in the 

polarization can be quantified at sub-coercive, ac electric fields using the Rayleigh law, 

defined in Equation 1-7 and 1-8 of Chapter 1 in this thesis.[20][21] In short, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the 

reversible dielectric Rayleigh coefficient and arises from the reversible extrinsic 

contributions as well as the intrinsic contributions to the permittivity. 𝛼𝜀 is the irreversible 

Rayleigh coefficient and is associated with the irreversible movement of interfaces, i.e. 

domain walls or phase boundaries, over a potential energy barrier within a random potential 

energy landscape.[21]  
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Numerous reports on PZT 52/48 [43][44][45][46][47][48] and PZT 30/70 [49] 

demonstrate that the 𝛼𝜀 decreases in films of thicknesses below ~1 μm, indicating that the 

irreversible domain wall motion contribution to the permittivity is suppressed. These prior 

results were obtained for continuous films on rigid substrates. However, in many MEMS 

devices, the film is at least partially released. The release state may change the thickness 

dependence of 𝛼𝜀 and associated scaling effects, since substrate clamping is known to 

suppress the extent of non-180° domain wall motion in ferroelectric thin films.[50][51] 

Therefore, there is a need to investigate the influence of substrate clamping on the 

thickness-dependent extrinsic contribution to the relative permittivity. 

For a fixed film thickness, the clamping of the film can be alleviated in several 

ways.  First, island structures with high aspect ratios allow the structures to be partially 

declamped, thus, increasing 90° domain wall mobility and doubling the remanent 

polarization of PZT at high applied electric fields.[50][52] Additionally, piezoelectrically-

active, ferroelectric nanotubes with high aspect ratios have been created via vacuum 

infiltration of macroporous Si templates (aspect ratio of >10:1)[10] or a bottom-up 

nanomanufacturing method (aspect ratio of 5:1)[53]. The high aspect ratios in these studies 

were chosen such that substrate clamping effects could be minimized. Declamping can also 

be achieved by releasing diaphragm structures from the underlying substrate.[54][55] The 

resulting increase in dielectric properties were attributed to lower potential energy barriers 

which allowed enhanced irreversible domain wall motion and an increase in 𝛼𝜀 for the 

released film. Synchrotron diffraction of films > 1 μm in thickness demonstrate that 

released films show higher levels of non-180° domain reorientation under field.[51] 

However, released cantilevers still demonstrate thickness dependent remanent polarization 
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and piezoelectric properties attributed to residual stresses. These residual stresses are 

commonly associated with the thermal expansion coefficient mismatch between the film 

and the substrate and/or the presence of a thin layer at the film-substrate interface with a 

low dielectric constant.[56] In this work, scaling effects have been investigated in PZT 

films < 1 µm thick in both clamped and partially released states relevant to MEMS devices. 

2.2 Experimental Procedure 

2.2.1 Film Synthesis and Nanofabrication 

Tetragonal, {001} textured polycrystalline Pb(Zr0.3Ti0.7)O3 (PZT 30/70) thin films 

doped with 2% Nb were fabricated via chemical solution deposition (CSD) as described 

elsewhere.[57][58] The solution was deposited onto a Pt/TiO2/SiO2/Si stack to produce 

films with thickness ranging from 0.27 to 1.11 µm. Prior to the deposition of the film, a 

0.08 M PbO layer was spin coated onto the Pt then dried (1 min. at 150°C and 2 min. at 

250°C) and pyrolyzed (10 min. at 400°C). This PbO layer was not crystallized. The 

underlying layer of PbO provided excess lead at the film-substrate interface which 

minimized lead loss to the substrate during crystallization. A commercial PZT-E1 sol-gel 

solution (Mitsubishi Materials Corporation, Tokyo, Japan) of composition Pb(Zr0.3Ti0.7)O3 

with 10 mol% lead excess, doped with 1 mol% Mn and a concentration of 10 wt% PZT 

was used to promote {001} texturing. This solution was deposited onto the PbO layer at 

2000 rpm, dried (2 min. at 150°C), pyrolyzed (5 min. at 300°C), and crystallized in a rapid 

thermal annealer (RTA) (1 min. at 700°C in flowing O2 gas at 2 SLPM and a ramp rate of 

10°C/s). As shown in Figure 2-1, a spin speed of 2000 rpm produced the best {001} 

texturing of the seed layer; this corresponds to a seed layer thickness of ~60 nm. Above 
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this critical thickness, {111} texture developed; below this critical thickness, {110} texture 

was observed. Similar results have been obtained for seeding of undoped PZT 52/48 films 

from Mitsubishi Materials solutions.[59][60] 

After crystallization of the seed layer, 0.4M PZT 30/70 sol-gel with 12 mol% lead 

excess and doped with 2 mol% Nb was spin coated at either 3000 rpm or 1500 rpm, dried 

(2 min. at 250°C), pyrolyzed (5 min. at 400°C), crystallized in the RTA (1 min. at 700°C 

in flowing O2 gas at 2 SLPM and a ramp rate of 10°C/s) and repeated until the desired 

overall film thickness was obtained. To obtain high quality films with similar grain size 

distributions, the processing conditions were optimized for the desired film thickness as 

needed. As the overall film thickness decreases, the number of deposited layers must be 

decreased to keep the spin speed and layer thickness constant. However, as the number of 

deposited layers decreases, there is an increased probability of forming a pin hole in the 

film which will result in a decreased electrode yield. To combat this, the number of 

 

Figure 2-1: X-ray diffraction patterns depicting the dependence of the preferred orientation of the 1% Mn-

doped PZT 30/70 Mitsubishi Materials seed layer on the spin rates for chemical solution deposition. 
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deposited layers was increased in thinner films (< 0.56 µm thick). Increasing the spin speed 

from 1500 rpm to 3000 rpm decreased the thickness of each layer and allowed more layers 

to be deposited for a given film thickness. This method was also employed by Bastani et 

al. to obtain thin insulating PZT films.[29] Figure 2-2 shows a schematic of the thickness 

series. The long pyrolysis step enabled the growth of high-density films with lateral grain 

sizes of 50-150 nm, as shown in the field emission scanning electron microscopy (FESEM) 

images in Figure 2-3. 

 

Figure 2-2: Schematic of the layer-by-layer crystallization steps used to grow PZT 30/70 thin films ranging 

in thickness from 0.27 μm to 1.1 μm for (a) films doped with 2% Nb and (b) films doped with 1% Mn. The 

cross section of the Pt/PZT/Pt/TiO2/SiO2/Si stack is also shown. 

 

Figure 2-3: Top-down micrographs of  PZT 30/70 thin films for thickness ranging from 0.27 μm to 1.1 μm 

showing the distribution of grain sizes. A cross-sectional micrograph of the 0.56 μm PZT thin film on a Pt 

electrode illustrating columnar grain growth of the film. There is no evidence of porosity or secondary phases. 
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To provide excess lead to the surface of the film, after every 5 crystallized layers 

of PZT 30/70, a 0.08M PbO layer was spin coated at 6000rpm, dried (1 min. at 150°C and 

2 min. at 250°C) and crystallized in the RTA (1 min. at 700°C in 2 SLPM O2 gas at a ramp 

rate of 10°C/s). The PbO crystallization steps are also shown in Figure 2-2, labeled as ‘PbO 

cap’. This converted lead-deficient surface pyrochlore (or fluorite) phases to the desired 

perovskite phase[61], and improved {001} texturing for both series of samples. 

Large area platinum top electrodes (3.5 mm x 0.7 mm) were defined 

photolithographically and sputtered onto the PZT using RF magnetron sputtering. Part of 

the electroded area of the films was released from the substrate by dry etching 600 μm x 

146 μm pits through the Pt/PZT/Pt/TiO2/SiO2 stack using an Ulvac NE-550 inductively 

coupled high-density plasma etch tool. The exposed Si substrate was then etched via an 

isotropic Xactic XeF2 e1 vapor etch tool until a 100 μm diameter trench was formed, as 

discussed elsewhere.[51][54] The conditions of the etch recipes for these two steps are 

listed in Table 2-1. The sample was annealed at 400°C for 30 minutes before and after the 

XeF2 etch step to remove residual moisture and reduce etch damage. The density of the 

etch pits within one electroded area dictated the percent of electroded area that was released 

from the substrate (fully clamped or 0% released, 25% released, 50% released and 75% 

released), as illustrated in Figure 2-4 (a). The suspended electroded area above the trench 

represents a declamped region of the film, as shown in Figure 2-4 (b). An optical 

microscope image of the top down view of a released electrode and a cross-sectional 

FESEM micrograph of the released Pt/PZT/Pt/TiO2/SiO2 stack suspended above the etch 

trench are shown in Figure 2-4 (c) and (d), respectively. 

Table 2-1: Etch conditions for released structures 
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Material Chamber Pressure Gas Chemistry Forward Power Etch Rate 

Pt/PZT/Pt/TiO2 5 mTorr 30 sccm Cl2 

40 sccm Ar 

300 W at MHz 

0 W at MHz 

Pt: 1,500 sec/μm 

PZT: 300 sec/μm 

SiO2 5 mTorr 50 sccm CF4 300 W at MHz 240 sec/μm 

Si 2 mTorr XeF2 - 6 sec/μm 

 

Figure 2-4: (a) A top down view of the Pt electrode for each release state: clamped or 0% released, 25% 

released, 50% released and 75% released. The different degrees of release were achieved by varying the 

density of the etch pits within one electroded region. (b) 3-D cross-sectional schematics of the release 

structures including the etch pits that run vertically through the Pt/PZT/Pt/TiO2/SiO2 stack and the 100 μm 

diameter etch trench that was undercut into the Si substrate below each etch pit region (not to scale). (c) An 

optical microscope image of the top down view of part of a released electrode and (d) a cross-sectional 

micrograph of the released Pt/PZT/Pt/TiO2/SiO2 stack suspended above the etch trench. 
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2.2.2 Characterization 

The orientation and phase of the film was determined from X-ray diffraction (XRD) 

patterns taken using a lab source diffractometer (PANalytical Empyrean), as shown in 

Figure 2-5 (a, b). Lotgering factors ranged from 90% to 100% depending on the film 

thickness, with Lotgering factors closer to 100% for films below ~0.5 µm. The volume 

fraction of c-domains (𝜈002) of a sample in the as-processed state was calculated from the 

integrated intensities of the 002 and 200 XRD peaks using LIPRAS (Line-Profile Analysis 

Software).[62] An example of the peak fitting for the 1.1 µm film is shown in Figure 2-5 

(c) and the corresponding normalized 𝜈002 values are shown in Figure 2-5 (d). The peaks 

were fit using an asymmetric Pearson VII function which takes into account the peak 

asymmetry and approximates the diffuse scattering.[63]  
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𝜈002 was calculated using Equation 1-10, as described in Chapter 1 of this 

thesis.[22][23] By using the ratio of integrated intensities over a reference intensity, the 

structure factors for the 002 and 200 reflections in a tetragonal system are accounted for. 

Error of 𝜈002 was calculated using an error propagation method that accounts for the 

integrated intensity error generated from peak fitting using LIPRAS. 

Polarization vs. electric field (P–E) hysteresis loops were measured at a frequency 

of 10 Hz using a Radiant Precision Ferroelectric Tester for both clamped films and 75% 

released films. Further electrical characterization in the form of Rayleigh analysis was 

 

Figure 2-5: Phase pure X-ray diffraction patterns of tetragonal {001} textured PZT 30/70 thin films doped 

with 2% Nb and thicknesses ranging from 0.27 μm to 1.1 μm (a, b). The peak fitting of the 002/200 peaks 

for the 1.1 μm film is shown (c). The normalized volume fraction of c-domains (ν002) is also shown as a 

function of film thickness (d). Note: error bars are smaller than the symbol size. 
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conducted on both clamped and released films at frequencies ranging from 50 Hz to 4 kHz 

with applied AC electric fields up to 0.5*Ec (where Ec is the coercive field). These 

measurements were taken using a Hewlett Packard 4284A LCR meter. The samples were 

subject to an anneal at 400°C for 30 min. and an aging time of 24 hours prior to the Rayleigh 

measurements. The aging process was consistent across all samples prior to Rayleigh 

analysis. Error was calculated using an error propagation method that accounts for the error 

associated with a 95% confidence interval of the linear fit of the Rayleigh parameter as a 

function of applied AC electric field.  

2.2.3 Capacitor in Series Model 

To minimize the influence that the seed layer has on the Rayleigh analysis, a 

capacitor in series model was applied to the permittivity data, as shown in Equation 2-1 in 

terms of capacitance (C) and Equation 2-2 in terms of the dielectric constant (k). 
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where C represents the measured capacitance, Cs is the measured capacitance of the seed layer, Cf 

is the capacitance of the balance of the ferroelectric film and t is the total 

thickness.[29][64][65][66][67] Cs was not extracted from a linear relationship between C-1 vs. film 

thickness at zero thickness. Since the volume fraction of c-domains is not constant as a function of 

film thickness, the standard extrapolation will not accurately predict the interface capacitance, since 

it does not account for the thickness-dependent change of domain state. Rather, Cs is the capacitance 
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of the seed layer, measured as a function of ac electric field for frequencies ranging from 50 to 

4,000 Hz, as shown in Figure 2-6 (a). Dispersion curves of the Rayleigh parameters for the seed 

layer are also reported in Figure 2-6 (b-c). The seed layer has a dielectric constant of 510 (measured 

at 1 kHz and 30 mV), which is ~ 25% less than that of the 0.35 μm PZT film of the same 

composition and measurement conditions. To check the quality of the Mitsubishi Materials solution 

used for the seed layer, a 0.38 μm thick film was grown using this solution. The measured Rayleigh 

parameters of the Mitsubishi Materials 0.38 μm film were comparable to that of a 2-MOE-based 

sol gel film of 0.38 μm thickness, as shown in Figure 2-6, for the same composition and a common 

seed layer. This comparison indicates that the suppressed properties of the 0.06 μm seed layer, 

shown in Figure 2-6 (b-c), are due to scaling effects. 

 

Figure 2-6: (a) Measured relative permittivity vs. a.c. field and (b) frequency dispersion of the Rayleigh 

parameter αε and εinitial for clamped the seed layer of 0.06 μm thickness and 1% Mn-doped PZT 30/70 

composition. The frequency dispersion of the Rayleigh parameter αε (c) and εinitial (d) for clamped 0.38-0.35 
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2.3 Results 

2.3.1 Thickness Dependence of Polarization Hysteresis in Declamped Films 

Figure 2-7 shows the P-E loops for the 2% Nb-doped PZT 30/70 thickness series. 

The coercive field (Ec) ranges from 54 to 63 kV/cm. The films exhibited remanent 

polarization (Pr) values ranging from 11 to 18 𝜇𝐶/𝑐𝑚2. Pr is defined here to be the 

polarization remaining in the material when the electric field is reduced to zero after 

applying a maximum electric field of 400 kV/cm in the positive electric field direction. The 

relatively small polarizations are a result, in part, of the largely a-domain state of the films 

resulting from the thermally induced tensile stress state of the PZT film grown on a Si 

substrate.[68] In general, as film thickness increases, the maximum polarization (Pmax) and 

Pr increase, characteristic of the scaling effect. Upon release, Pr and Pmax both increase for 

a given thicknesses, as shown in Figure 2-8 for (a) 1.11, (b) 0.38 and (c) 0.27 μm 2% Nb-

doped films. This is most clearly seen in Figure 2-8 (b), which shows the changes in the P–

E loop of 0.38 μm film for each release state (0%, 25%, 50% and 75%). Interestingly, the 

thinnest film (0.27 μm) shows the smallest increase in Pr after being 75% released from the 

substrate. This suggests that other mechanisms are involved in pinning domains in the film 

(e.g., potentially higher defect concentrations, higher grain boundary concentrations, or 

higher residual stresses in the film that are not relieved upon release).  

μm 1% Mn-doped PZT 30/70 films grown using PSU-made sol gel compared to a clamped 0.35 μm 1% Mn-

doped PZT 30/70 film grown using Mitsubishi Materials solution is also shown. The Mitsubishi Materials 

solution was exclusively used for growth of the 0.06 μm seed layer. 
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Figure 2-7: Polarization vs. electric field hysteresis loops of clamped 2% Nb-doped PZT 30/70 thin films of 

varying thickness ranging from 0.27 μm to 1.1 μm. 
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2.3.2 Irreversible Contributions to Permittivity 

2.3.2.1 Thickness Dependence in Clamped Films 

Rayleigh analysis was used to characterize extrinsic contributions to the relative 

permittivity in the form of irreversible domain wall motion. For clamped Nb-doped films, 

 

Figure 2-8: The change in P–E hysteresis loops of 2% Nb-doped PZT 30/70 thin films between the clamped 

and 75% released states for (a) 1.11 μm, (b) 0.38 μm, and (c) 0.27 μm thick films. The evolution of the P–E 

loop for the 0.38 μm thick film is also shown for clamped, 25%, 50% and 75% released states. 
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the irreversible contribution to the permittivity, 𝛼𝜀, decreases as film thickness decreases 

with thickness ranging from 1.11 μm to 0.27 μm. This thickness dependence of 𝛼𝜀 is shown 

in Figure 2-9 (a).  

Rayleigh parameters of the PZT film, after application of the capacitor-in-series 

model, were calculated for each film thickness. For simplicity, the Rayleigh parameters 

prior to applying the capacitor in series model are labeled as ‘Seed + Film’ in Figure 2-9 

(a), and the data after applying the capacitor in series model are labeled as ‘Film’ in Figure 

2-9 (b). For the Nb-doped films, the seed layer has a large effect on the irreversible Rayleigh 

coefficient. The 𝛼𝜀 for the PZT film alone is 51% larger than the 𝛼𝜀 measured for the film 

in series with the seed layer. The difference in 𝛼𝜀 occurs over the entire frequency range 

for each film thickness.  

 Without the influence of the seed layer, 𝛼𝜀 values for the 1.11 and 0.56 μm films 

converge, which suggests that these films have comparable domain wall pinning effects. 

 

Figure 2-9: Frequency dispersion of the Rayleigh  parameter αε as a function of film thickness ranging from 

0.27 μm to 1.1 μm for PZT 30/70 thin films doped with 2% Nb in the clamped state before applying the 

capacitor in series model (Seed + Film) (a), in the clamped state after applying the model (Film) (b) and in 

the 75% released state after applying the model (c). 
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However, the thickness dependence of 𝛼𝜀 is still present in thicknesses below 0.56 μm. 

Additionally, the 𝛼𝜀 values for the 1.11 and 0.56 μm films are lower than those for 0.38 

and 0.27 μm films at low frequencies. The origin of this difference is unknown but could 

be related to a difference in stress level associated with the domain state, as discussed in 

Chapter 3 of this thesis. 

2.3.2.2 Thickness Dependence in Released Films 

To assess whether the suppression of 𝛼𝜀 is influenced by substrate clamping, 

Rayleigh parameters were obtained for films that were partially released from the substrate. 

Prior to the Rayleigh measurements, the films were subject to high applied electric fields 

(up to 3*Ec) to induce tearing of the diaphragms and create globally released regions.[51] 

All films exhibited tearing of the diaphragms with variations in the number of tears and the 

angle of the tear with respect to the horizontal length of the etch pits. However, most 

electrodes have one tear at each end of the diaphragm regardless of film thickness. The tear 

typically occurs at the curved ends of the rounded, beam-like etch pits and propagates 

horizontally towards the electrode edges, shown in the FESEM micrograph of Figure 2-10. 

In situ synchrotron XRD measurements confirm that, upon global release, enhanced 

ferroelastic reorientation occurs in PZT 30/70 thin films compared to either local released 

or clamped states. The enhanced properties in a globally released film are due to the 

reduction in the average, global tensile stress of the film.[51] After global release, all 

samples were annealed at 400°C for 30 min. and aged for 24 hours prior to Rayleigh 

analysis.  
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To isolate the influence of substrate clamping on the thickness dependence, the 

trends in 𝛼𝜀 were analyzed for a 75% released film after applying the capacitor in series 

model. Upon 75% release, 𝛼𝜀 increases by up to 23%, with larger changes for the thinner 

films, shown in Figure 2-9 (c) for Nb-doped films. Additionally, the evolution of 𝛼𝜀 with 

increasing release state is shown for 0.27 μm 2% Nb-doped film in Figure 2-11.  

 

Figure 2-10: A micrograph of the torn electroded regions extending from the etch pit after global released. 
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2.3.3 Frequency Dependence of αε 

After applying the capacitor in series model to a clamped Nb-doped film, the 

greatest increase in 𝛼𝜀 occurs at low frequencies, shown in Figure 2-12. This indicates that 

changes in 𝛼𝜀 are also frequency-dependent as well as thickness-dependent. The frequency 

dependence (B𝛼𝜀
) of the Rayleigh coefficient 𝛼𝜀 was extracted from fits to Equation 2-3.  

 𝛼𝜀 = 𝛼𝜀,𝑖 − 𝐵𝛼𝜀
log 𝑓  for frequencies in Hz 2-3 

The frequency dependence in 𝛼𝜀 is unknown, but it is speculated that it may be 

related to the differences in the mobility of domain wall clusters of different sizes. Domain 

walls tend to move in clusters;[45][54] larger clusters may be active at lower frequencies. 

As frequency rises, the size of the responding cluster may drop. This would account for the 

frequency dependence in 𝛼𝜀 at these comparatively low frequencies, as shown in Figure 

Figure 2-11: Frequency dispersion of the Rayleigh parameter αε as a function of release state including 

clamped or 0% released, 25% released, 50% released and 75% released from the substrate for 0.27 μm thick 

PZT 30/70 thin film doped with 2% Nb. 

 

Figure 2-12: Frequency dependence (B) of the Rayleigh parameter αε as a function of film thickness for PZT 

30/70 thin films doped with 2% Nb (a) for the clamped state before applying the capacitor in series model 

(Seed + Film), the clamped state after applying the model (Film), and the 75% release state after applying 

the model. The dashed and dotted boxes represent values of B(αε) for the 0.27 and 0.56 μm films, respectively. 

Complementary frequency dispersion of the Rayleigh parameter αε are also shown for thickness 0.27 μm (b) 

and 0.56 μm (c). 
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2-12.  It is notable that the frequency dependence observed here at well below the ~1 – 10 

GHz range at which motion of individual domain walls would be expected to freeze out.   

After applying the capacitor in series model, B𝛼𝜀
 increases, shown in Figure 2-12 

(a) for Nb-doped films. Additionally, larger changes in B𝛼𝜀
 are observed for films below 

0.5 μm in thickness. This is highlighted in the comparison between the 0.27 μm and 0.54 

μm films, shown in Figure 2-12 (b-c). A ~ 69% increase in the frequency dependence of 𝛼𝜀 

occurs for a 0.27 μm Nb-doped film (b) compared to a ~ 8% increase for 0.56 μm Nb-

doped film (c).  

Upon 75% release from the substrate, B𝛼𝜀
 increases further for all film thicknesses, 

as shown in Figure 2-12 (a) for Nb-doped films. Upon release, a greater increase in 𝛼𝜀 

occurs at low frequencies, resulting in an increase in B𝛼𝜀
. However, the change in B𝛼𝜀

 upon 

release does not vary greatly with film thickness.  

2.3.4 Intrinsic and Reversible Contributions to Permittivity 

2.3.4.1 Thickness Dependence in Clamped Films 

The thickness dependence in the intrinsic response and the reversible contributions 

to the dielectric response is represented in the Rayleigh parameter 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙. For clamped 

Nb-doped PZT films, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 varies non-monotonically as a function of film thickness, 

shown in Figure 2-13 (a), presumably because of differences in the film domain state. The 

volume fraction of c-domains (𝜈002) increases as film thickness increases from 0.27 to 1.11 

μm for 2% Nb-doped films, as shown in Figure 2-5 (d). This higher concentration of c-

domains in thicker films is consistent with findings from the literature.[69] The resulting 
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decrease in the intrinsic contribution to the relative permittivity is reflected in the decrease 

in the 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 above 0.38 μm.  

 Rayleigh parameters for clamped, Nb-doped PZT films without the influence of the 

seed layer are shown in Figure 2-13 (b). 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 increases after the applying the capacitor 

in series model by up to 13%. 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 values for the 0.56, 0.38 and 0.27 μm films approach 

convergence, suggesting that the films have comparable domain populations, as well as 

comparable reversible domain wall contributions to 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙. However, the 1.11 μm film 

maintains much lower 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 values due to the greater volume fraction of c-domains.[70]  

2.3.4.2 Thickness Dependence of Released Films 

Figure 2-13 (c) shows the influence of 75% release on 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 for the thickness series 

of Nb-doped films. Upon release, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 decreases as film thickness increases from 0.27 

to 1.11 μm. This thickness dependence of 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 for the 75% released film is influenced 

by intrinsic contributions, i.e. the change in volume fraction of c-domains as a function of 

thickness, since an increasing volume fraction of c-domains will decrease the permittivity. 

 

Figure 2-13: Frequency dispersion of the Rayleigh parameter εinitial as a function of film thickness ranging 

from 0.27 μm to 1.1 μm for PZT 30/70 thin films doped with 2% Nb in the clamped state before applying the 

capacitor in series model (Seed + Film) (a), in the clamped state after applying the model (Film) (b) and in 

the 75% released state after applying the model (c). 
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Interestingly, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 decreases with increasing release state for a given film 

thickness, as shown in Figure 2-14 for the 0.27 μm film doped with 2% Nb. It has previously 

been reported that the release process itself does not change the volume fraction of c-

domains at zero applied electric field.[51] Therefore, the observed decrease in  𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 upon 

release may suggest that there is a shift of at least some of the domain walls from reversible 

motion in a clamped film to irreversible motion in a released film.  

2.3.5 Frequency Dependence of εinitial 

Removing the influence of the seed layer by applying the capacitor in series model 

produces little to no change in B𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
, regardless of film thickness, as shown in Figure 

2-15. Upon 75% release from the substrate, there is little to no change in B𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
, regardless 

of film thickness, also shown in Figure 2-15. Notably, the changes in B𝛼𝜀
 upon release 

exceed changes in B𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
. The frequency dependence of nonlinearity for 𝛼𝜀 and 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

 

Figure 2-14: Frequency dispersion of the Rayleigh parameter εinitial as a function of release state including 

clamped or 0% released, 25% released, 50% released and 75% released from the substrate for 0.27 μm thick 

PZT 30/70 thin film doped with 2% Nb. 
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are listed in Table 2-2 and Table 2-3, respectively, for all film thicknesses in the clamped 

state before the capacitor in series model was applied, the clamped state after the model 

was applied and the 75% release state after the model was applied. 

Table 2-3: Frequency dependence of Rayleigh parameter εinitial 

Thickness 

(μm) 

Clamped (Seed + Film) Clamped (Film) 75% Released (Film) 

A B A B A B 

1.11 727 ± 2.4 19.3 ± 0.9 742 ± 2.7 19.8 ± 1.1 698 ± 1.6 19.0 ± 0.6 

0.56 793 ± 0.9 20.7 ± 0.3 843 ± 1.5 19.1 ± 0.5 800 ± 2.3 24.1 ± 0.8 

0.38 805 ± 1.8 20.3 ± 0.6 879 ± 1.8 22.0 ± 0.6 812 ± 1.4 23.0 ± 0.5 

0.27 766 ± 1.2 19.6 ± 0.4 866 ± 2.1 22.3 ± 0.7 813 ± 1.7 20.8 ± 0.6 

 

Figure 2-15: Frequency dependence (B) of the Rayleigh parameter εinitial as a function of film thickness for 

PZT 30/70 thin films doped with 2% Nb for the clamped state before applying the capacitor in series model 

(Seed + Film), the clamped state after applying the model (Film) and the 75% release state after applying the 

model. 

Table 2-2: Frequency dependence of Rayleigh parameter αε (cm/kV) 

Thickness 

(μm) 

Clamped (Seed + Film) Clamped (Film) 75% Released (Film) 

A B A B A B 

1.11 12.7 ± 0.06 1.3 ± 0.02 13.8 ± 0.07 1.4 ± 0.03 15.8 ± 0.12 1.9 ± 0.04 

0.56 12.4 ± 0.11 1.3 ± 0.03 13.8 ± 0.19 1.4 ± 0.06 16.8 ± 0.22 1.9 ± 0.07 

0.38 12.7 ± 0.13 1.6 ± 0.04 16.6 ± 0.19 2.0 ± 0.06 19.4 ± 0.19 2.4 ± 0.06 

0.27 10.8 ± 0.18 1.3 ± 0.06 16.3 ± 0.32 2.2 ± 0.11 20.0 ± 0.36 2.8 ± 0.12 
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2.4 Discussion 

2.4.1 Capacitor-in-Series Model 

The difference in 𝛼𝜀 (∆𝛼𝜀) between the total measured response and the response 

after applying a capacitor in series model represents the decoupling of the film properties 

and the seed layer properties, as shown in Figure 2-16 (a). The increase in 𝛼𝜀 after applying 

the model suggests that the seed layer contributes directly to the pinning of irreversible 

domain walls and/or it reduces the field across the balance of the film (which 

commensurately reduces the domain wall contributions to the properties). Defect dipoles 

associated with the Mn doping of the seed layer PZT solution, such as 𝑀𝑛𝑇𝑖
′′ −

𝑉𝑂
∙∙ 𝑜𝑟 𝑀𝑛𝑇𝑖

′ − 𝑉𝑂
∙∙, are assumed to be present and create internal electric fields that pin 

domain walls. Additionally, larger increases in 𝛼𝜀 were observed for the thinner films 

which are more influenced by the seed layer properties in which the seed layer makes up a 

larger fraction of the total thickness.  
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For the 1.11 and 0.56 μm films, ∆𝛼𝜀 is larger at lower frequencies compared to 

higher frequencies, relating to an increase in B𝛼𝜀
. A larger ∆𝛼𝜀 at lower frequencies 

indicates that the seed layer preferentially influences the mobility or density of slower 

moving irreversible domain walls that are active at lower frequencies. In contrast, ∆𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

does not vary as a function of frequency, as shown in Figure 2-16 (c). ∆B𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 are 

representative of changes in the reversible domain wall contributions, as intrinsic 

contributions should be constant in this frequency range. Therefore, the lack of change in 

 

Figure 2-16: The change in the Rayleigh parameters αε (a-b) and εinitial (c-d) as a function of film thickness 

for PZT 30/70 thin films doped with 2% Nb. (a, c) Represents the change after applying the capacitor in 

series model. (b, d) Represents the change upon release. 
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B𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 compared to that for B𝛼𝜀

 indicates that the seed layer has a greater impact on 

irreversible domain wall motion compared to reversible domain wall motion. 

2.4.2 Substrate Clamping Effects 

In general, 𝛼𝜀 increases upon 75% release from the substrate. It is proposed that the 

potential energy barrier for irreversible domain wall motion decreases upon release, the 

concentration of pinning sites due to substrate clamping decreases upon release which 

allows for an increase in domain wall motion, or the mobility of existing domain walls 

increase. ∆𝛼𝜀 upon release is greater for thinner films compared to thicker films, as shown 

in Figure 2-16 (b). Strain relaxation upon release from the substrate could be a possible 

explanation for this trend. Due to the thermal expansion coefficient mismatch between the 

PZT film and the Si substrate, an in-plane tensile strain in the PZT film develops upon 

cooling, with a greater amount of thermally-induced strain reported in thinner films 

compared to thicker films.[33][71] Variations in the thermal strain as a function of film 

thickness could also explain the observed change in 𝜈002 of a clamped film as film 

thickness increases.  

Additionally, ∆𝛼𝜀 is larger at lower frequencies compared to higher frequencies, as 

reflected by an increase in B𝛼𝜀
 upon release. This confirms that substrate clamping also 

preferentially influences the mobility or density of slower moving irreversible domain 

walls, contributing to the suppression of B𝛼𝜀
. Upon release, either the mobility of the 

existing domain walls active at lower frequencies rises, or some of the slower moving 

domain walls are depinned. This is not the case for reversible domain wall motion 
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contributions. Upon release, ∆𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 does not vary as a function of frequency, as shown 

in Figure 2-16 (d). Since the changes in frequency dependence are representative of changes 

in the reversible domain wall motion contributions, substrate clamping also has a greater 

impact on irreversible domain wall motion compared to reversible domain wall motion.  

2.5 Conclusions 

Rayleigh analysis was used to investigate the influence of substrate clamping on 

the extrinsic contribution to the relative permittivity of PZT thin films doped with 2% Nb 

for a film thickness range of 0.27 μm to 1.1 μm. These results indicate that both the seed 

layer and substrate clamping accounted for a substantial apparent suppression of the 

extrinsic contribution to the relative permittivity.  It was found that irreversible domain 

wall motion contributions to the relative permittivity (𝛼𝜀) decrease as film thickness 

decreases, consistent with findings in the literature. The suppression of 𝛼𝜀 is partially 

recoverable by (1) removing the influence of the seed layer via a capacitor in series model 

and (2) reducing the substrate clamping. The need for a capacitor in series model to account 

for the seed layer properties will depend explicitly on processing conditions and, therefore, 

should always be checked. After removing the influence of a Mn-doped seed layer, the 𝛼𝜀 

for the PZT film alone is 51% larger than the 𝛼𝜀 measured for the film in series with the 

seed layer; this is attributed to the film having a higher irreversible domain wall motion 

contribution to the permittivity compared to the seed layer. Upon 75% release from the 

substrate, 𝛼𝜀 increased further by up to 23%. Finally, the frequency dependence of 𝛼𝜀 

increases upon release due to depinning of slower moving irreversible domain walls. 
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Chapter: 3 Residual Stress and Ferroelastic Domain 

Reorientation in Declamped {001} Pb(Zr0.3Ti0.7)O3 Films 

3.1 Introduction 

Ferroelectric materials are utilized in applications such as actuators, sensors and 

nonvolatile memory.[3] Typically, the dielectric and piezoelectric responses in 

ferroelectric thin films are suppressed relative to their bulk counterparts due to a 

combination of small grain sizes, thermal strains, clamping due to the substrate, and the 

potential for a high concentration of defects. [33][38][34][72][73][74] 

In ferroelectrics, residual stresses can dictate preferred domain distributions.[75] In 

many ferroelectric films, the substrate has a strong influence on the domain 

configuration.[76] For example, preferential out-of-plane polarization can be achieved for 

relaxed, tetragonal Pb(Zrx,Ti1-x)O3 (PZT) films grown on sapphire, MgO or LaAlO3, which 

have a larger coefficient of thermal expansion compared to PZT. [74][75][76][77] This 

type of domain configuration is ideal for applications such as FeRAM which utilize out-

of-plane polarization switching for memory.[78]  

Since the coefficient of thermal expansion (𝛼𝐶𝑇𝐸) of Si (2.6 ppm/°C) is less than 

that of PZT in the paraelectric phase (6.7-9.4 ppm/°C depending on composition),[75] PZT 

films processed on Si are under an in-plane tensile stress, favoring orientation of the 

spontaneous polarization in-plane (e.g. producing preferentially a domain, rather than c 

domain films).[77][79] Moreover, local stresses can form at the film-bottom electrode 

interface that differ from the average residual stress, complicating the understanding. 

Griggio et al. proposed that these local strains can be partially relieved by removing the 
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film from the substrate.[54] The residual stress state of PZT films on Si is also reported to 

depend on the number of deposited layers or film thickness [30] and is correlated with 

variations in domain patterns.[31][80] The apparent variation in the stress state as a 

function of film thickness may also be associated with changes in the stress state of the 

underlying thermal oxide layer or Pt-bottom electrode during subsequent 

annealing.[81][82]  

Differences in the intrinsic and extrinsic contributions to the relative permittivity 

(𝜀𝑟) will result from differences in the domain orientation state, domain wall densities, and 

the mobility of domain walls. This, in turn, contributes to the apparent scaling effects in 

the functional properties.[29][34][83] For example, PZT films which have predominately 

a-domains will have a larger out-of-plane intrinsic contribution to 𝜀𝑟, possibly at the 

expense of a reduced 90° domain wall density and reduced extrinsic contributions to 

𝜀𝑟.[76] Therefore, variations in the in-plane stress state of PZT films can result in a 

thickness dependence in the domain state, intrinsic contributions and extrinsic 

contributions to 𝜀𝑟. 

The differences in the intrinsic and extrinsic contributions to 𝜀𝑟 can often be 

quantified using Rayleigh analysis.[43][47][49][83][84] The Rayleigh law is described in 

Equation 1-7 of Chapter 1 in this thesis. In short, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the reversible dielectric Rayleigh 

coefficient and represents the sum of reversible extrinsic and intrinsic contributions to the 

permittivity. 𝛼𝜀 is the irreversible dielectric Rayleigh coefficient associated with extrinsic 

contributions to the permittivity from irreversible movement of domain walls and phase 

boundaries through a random potential energy landscape.[21] Rayleigh analysis cannot 
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differentiate between motion of 90° and 180° domain walls.  Therefore, it is advantageous 

to couple Rayleigh analysis with another characterization technique, such as in situ X-ray 

diffraction (XRD), that can directly probe ferroelastic extrinsic contributions to the 

permittivity.[51][77][85][86]  

The extent of electric field-induced 90° domain reorientation in most clamped PZT 

films is relatively small compared to bulk ceramics,[87] and a majority of the reoriented 

domains relax back to a remanent state as the electric field decreases to zero.[85][88] 

Clamping effects can be alleviated in a variety of ways that are dictated by device design 

and etching techniques. For example, decreasing the width:thickness aspect ratio of the 

piezoelectric layer can partially declamp the film and enhance piezoelectric 

properties.[10][53][89] Alternatively, removing the substrate via an undercut release 

process can also relax substrate clamping effects.[51][54][84]  

Griggio et al. proposed that removing the substrate from underneath the film can 

alleviate residual stress at the film-substrate interface and may relax thermal stresses by 

bending.[54] However, Wallace et al. observed no significant changes in the volume 

fraction of c-domains (𝜈002) normal to the film surface on release of elongated diaphragms 

with 2 µm thick tetragonal PZT films. Therefore, simply releasing the film from the 

substrate may not change the average residual stress enough to induce a change in the 

overall domain distribution of the film for thick, taut membranes.[51] Notably, these 

studies were limited to comparatively thick PZT films (>1 µm) in which the film-substrate 

interface makes up a small fraction of the overall film thickness. For thinner films, Berfield 

et al. [5] attributed a substantial reduction in polarizability of sol-gel PZT films <200 nm 

thick to higher residual stress than that observed in thicker films. Therefore, alleviating the 
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residual stress at the film-substrate interface may have a larger effect on the domain 

distribution in thinner films (<1 µm). 

If stress were the dominant effect that degrades properties in thin ferroelectric films, 

then it would be expected that the properties of thin films would be most affected by 

removal of both substrate clamping and residual stresses. Alternatively, if the defect 

concentration in thinner films (e.g. due to lead loss to the bottom electrode or smaller grain 

size) were to dominate the property suppression, then reduction of substrate clamping 

would be expected to produce a less-pronounced improvement in properties. Further 

investigation is required to assess which effect is dominant.  

In this work, in-situ high-resolution XRD was used to directly probe the structure 

of ferroelectric thin films and assess the effect of substrate clamping and residual stress on 

the thickness dependence of the domain state, strain, and domain reorientation of PZT films 

for thicknesses ranging from 0.27 to 1.11 µm. The results confirm that the properties of 

thin clamped films are influenced both by the stress and the defect chemistry. Additionally, 

this study combines XRD and Rayleigh analysis to deconvolute the intrinsic and the 

reversible, extrinsic contribution to the dielectric permittivity and to better understand the 

principles governing size effects in thin films. 

3.2 Experimental Procedure 

3.2.1 Film Synthesis and Nanofabrication 

The samples used in this study are the same samples reported in Chapter 2 of this 

thesis. The average grain sizes of all film thicknesses, as measured by a line intercept 
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method [90], are largely independent of the film thickness, as shown in Table 3-1. Lotgering 

factors for {001} reflections ranged from 90% to 100% depending on film thickness.[91] 

Table 3-1: Microstructure and Electrical Properties for Clamped PZT 30/70 Films 

Thickness 

(μm) 

Pr (μC/cm2)  Pmax (μC/cm2)  Ec (kV/cm) 𝜀𝑟 Loss % Columnar 

Grain Size (nm) 

(Pr and Pmax measured at 400 kV/cm)     

1.11 18.1±0.2 40.0±1.2 62.5±1.4 685±1.2 1.5±0.07 134±13.5 

0.56 14.1±1.2 37.9±1.8 55.5±4.5 761±2.7 2.2±0.05 97±6.8 

0.38 12.6±1.3 36.8±0.7 54.1±2.6 730±1.4 2.9±0.05 101± 6.2 

0.27 11.1±0.2 36.5±0.5 59.2±1.0 738±5.2 3.2±0.2 117±6.6 

 

Photolithography was used to define top electrode areas and regions on the 

electrodes subject to a top-down etch and undercut release process. RF magnetron sputtered 

platinum top electrodes were defined in 3.5 mm x 0.7 mm areas. Large electrode areas were 

needed to ensure that an adequate volume of irradiated material was available for actuation 

during in situ XRD measurements. As described elsewhere, the electrodes were rotated 15° 

from the [001] of the silicon wafer to minimize diffraction from the substrate.[51] An Ulvac 

NE-550 inductively coupled high-density plasma etcher was used to dry etch 600 µm x 

146 µm pits through the Pt/PZT/Pt/TiO2/SiO2 stack, exposing the Si substrate. Top-down 

etching was continued using an isotropic Xactic XeF2 e1 vapor etch tool to etch 100 µm 

wide trenches into the Si substrate, as described elsewhere.[51][54][83] A ‘75% release’ 

corresponds to an electroded region in which 75% of the Pt/PZT/PT/TiO2/SiO2 stack is 

suspended above a void in the Si substrate. The term ‘clamped’ refers to an electroded 

region in which no etch trenches or etch pits are present, and the film is fully clamped to 
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the Si substrate. The electrical properties are summarized in Table 3-1 for all film 

thicknesses in the clamped state. 

3.2.2 X-ray Measurements and Analysis 

To study the domain reorientation at high fields, in situ synchrotron XRD 

measurements were performed at the Advanced Photon Source beamline 11-ID-C with an 

energy of 105.091 keV (0.117418 Å). The samples were mounted on a custom stage, which 

allows for in situ use of electrical probes with voltage produced by a Keithley 2410C 

1100V source meter. To increase the diffracting volume, the sample was tilted 1° to the 

incident beam with slit sizes of 0.5 mm in the horizontal direction and 0.1 mm in the 

vertical direction. Care was taken to align the electroded area of interest to ensure that only 

actuated film was captured in the diffracted pattern. 

Diffraction patterns were measured while applying a direct current (dc) electric 

field. Each film was cycled twice, using the applied voltage sequence shown in Figure 3-1 

(a). During the first cycle, an initial pattern was taken at 0 V and subsequent patterns were 

taken after the field was increased by steps of 0.25*Ec (where Ec is the coercive field) until 

the maximum of 1.5*Ec was reached. At each step, the applied field was held for 210 s, 

followed by a 210 s acquisition of a diffraction pattern. Subsequently, patterns were also 

taken after the applied field was decreased by steps of 0.5*Ec, with a final pattern taken at 

0 V. This process was repeated for the second cycle, in which patterns were acquired at 

increasing field steps of 0.5*Ec until 3*Ec was reached. Subsequently, patterns were also 

taken in decreasing field steps of 1*Ec until 0 V was reached.  
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Line profiles were extracted from the measured 2D diffraction patterns using the 

Fit2D software (European Radiation Synchrotron Facility, Grenoble, France).[92] CeO2 

powder (NIST 674b), was used to calibrate the X-ray beam center and sample-to-detector 

distance, from which d-spacing values were calculated. The 20° sector of the 2D diffraction 

that represented scattering vectors parallel to the applied electric field direction (the vertical 

section shown in Figure 3-1 (b)) was integrated using Fit2D. An example of the extracted 

line profiles is plotted in Figure 3-1 (c), highlighting the changes in peak intensity of the 

002 and 200 reflections as a function of applied electric field for the 1.11 µm thick film. 

The data were fit using LIPRAS (Line-Profile Analysis Software). [62] An asymmetric 

 

Figure 3-1: (a) A schematic of the applied electric field cycles during the in situ XRD study, (b) 2D 

diffraction image of the PZT 30/70 thin film with labeled reflections, (c) an example of the changes in peak 

intensity during application of electric field for the 1.11 μm PZT film, and (d) Asymmetric Pearson VII fits 

of the 002 and 200 reflections of the 1.11 μm PZT film at 0*Ec. 
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Pearson VII function was applied to the 002 and 200 reflections since it accounts for peak 

asymmetry and approximates the diffuse scattering from ferroelectric/ferroelastic domain 

walls.[63] An example of the 002/200 peaks and fitting profiles is shown in Figure 3-1 (d) 

for the 1.11 µm thick film at 0*Ec. 

From the peak fit, 𝜈002 (the fraction of c-domains oriented in the direction normal 

to the film) was calculated from the integrated intensities using Equation 1-10, as described 

in Chapter 1 of this thesis.[22][23] The error for 𝜈002 was calculated using an error 

propagation method that accounts for the integrated intensity error generated from peak 

fitting using LIPRAS. The fraction of ferroelastic domain reorientation (𝜂002), was 

assessed using Equation 1-9, as described in Chapter 1 of this thesis. 

The d-spacings of the 002 and 200 reflections (𝑑002 and 𝑑200, respectively) were 

used to calculate the strain (𝜀) induced by the electric field. The calculated pattern, 

background and peak position generated from peak fitting using LIPRAS was used to 

determine the full width half maximum (FWHM) of each reflection. For example, the 

FWHM of the 002 is determined to be two times the 2θ distance between the central peak 

position and the left-hand side of the peak at the intensity value that is half the peak height. 

This calculation of the FWHM minimizes the error associated with the strong peak 

asymmetry. 

To study the lattice strain at high temperatures, a PANanalytical Empyrean X’Pert3 

MRD laboratory diffractometer with CuKα radiation, 4-circle goniometer and PIXcel 3D 

detector was used to measure diffraction patterns at 500 °C for long 2θ ranges (10°-100°). 

The XRD pattern was collected at a slow scan rate of 0.72°/min. Additionally, the XRD 
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data were utilized to evaluate the peak broadening Williamson-Hall analysis shown in 

Equation 3-1.[93] 𝛽𝑡𝑜𝑡𝑎𝑙 is the FWHM for reflection hkl at position 2𝜃, 𝜆 is the X-ray 

wavelength of the CuKα radiation (1.5406 Å), K is the Scherrer constant or shape factor 

which was assumed to be 1, L is the effective crystallite size in the direction normal to the 

reflecting planes, and ε is the microstrain.[94] 

 𝛽𝑡𝑜𝑡𝑎𝑙 cos 𝜃 = 4𝜀 sin 𝜃 +
𝐾𝜆

𝐿
 

3-1 

Using this equation, a linear relationship can be made between sin 𝜃 (plotted on the 

x-axis) and 𝛽𝑡𝑜𝑡𝑎𝑙 cos 𝜃 (plotted on the y-axis). The slope (4𝜀) and the y-intercept (
𝐾𝜆

𝐿
) of 

this linear relationship were used to determine the microstrain (𝜀) and crystallite size (𝐿), 

respectively. The error for both 𝜀 and 𝐿 is accounted for in the standard error of the linear 

fit. 

Dielectric Rayleigh analysis was conducted on both clamped and released films at 

frequencies ranging from 50 Hz to 4 kHz with applied AC electric fields up to 0.5*Ec. The 

samples were subjected to an anneal at 400°C for 30 min. and an aging time of 24 hours 

prior to the Rayleigh measurements. Subsequently, the samples were poled at 3*Ec for 15 

min. prior to additional Rayleigh measurements. A correction was used to account for the 

presence of a low dielectric permittivity seed layer in series with the film.[83] 

The combined electrical and structural datasets allow the possibility of separating 

the various contributions to the relative permittivity, assuming that each of the components 

is additive and that cross-coupling between the various terms can be neglected, as a first 

approximation.  To do so, the intrinsic relative permittivity values were calculated using 
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Equation 1-11 described in Chapter 1 of this thesis. The dielectric susceptibility values used 

(𝜒11 and 𝜒33) are the free dielectric susceptibility (~ 230 and ~ 127 respectively), 

determined by Haun et al. for bulk PZT 30/70 at 25°C.[25] It is important to note that this 

calculation assumes a free system (fully released film) as opposed to the films in this study 

which are either in a clamped state or 75% released state. This approximation will 

overestimate the contributions from the intrinsic relative permittivity. The reversible, 

extrinsic contributions to the relative permittivity were calculated from Equation 1-12, as 

described in Chapter 1 of this thesis. Finally, the irreversible, extrinsic contributions to the 

relative permittivity were calculated from Equation 1-13, as described in Chapter 1 of this 

thesis. 

3.3 Results and Discussion 

3.3.1 Thickness Dependence of the Domain State 

The electric field-induced change in the volume fraction of c-domains (𝜈002) is 

shown in Figure 3-2 (a) for clamped, 2% Nb-doped PZT 30/70 thin films of thicknesses 

0.27 µm, 0.56 µm, and 1.11 µm. Most of the clamped films underwent two electric field 

cycles.  
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There are several important points to take from this figure.  First, in the clamped 

virgin state, 𝜈002 is thickness-dependent and ranges between 0.23 (for the 1.11 µm film) 

and 0.16 (for the 0.27 µm film), which are comparable to those in the literature for similar 

 

Figure 3-2: (a) The volume fraction of c-domains (ν002) as a function of applied electric field is shown for 

2% Nb-doped PZT 30/70 thin films of thicknesses 0.27 µm, 0.56 µm, and 1.11 µm in the clamped state and 

in the released state. The 75% released 1.11 µm thick film exceeded a threshold current of 1x10-4 Amps/cm2 

at electric fields exceeding 2*Ec. Therefore, the data for the released 1.11 µm film above 1.5*Ec were 

removed. (b) The fraction of 90° domain reorientation (η002) as a function of applied electric field is also 

shown for the clamped state and the released state. 
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compositions, thicknesses and processing methods.[51][83] This thickness dependence of 

𝜈002 is maintained after poling at 3*Ec. That is, thicker clamped films have a higher volume 

fraction of c-domains than thinner clamped films in the initial state, during field 

application, and after release of field.  

The thickness dependence of 𝜈002 develops during processing of the films.[81] For 

example, Figure 3-3 shows the evolution of the normalized 𝜈001 during layer-by-layer 

processing of a ~0.5 µm thick sample, in which 𝜈001 increases with each additional 

crystallized layer. Presumably, this evolution in the domain state is related to both the stress 

state of the film upon cooling below Tc and the defect chemistry of the interfaces.  

A second point of note from Figure 3-2 (a) is that upon 75% release from the 

substrate (with an anneal above Tc), 𝜈002 values converge to ~0.2±0.01 for all films prior 

to application of an electric field. It is proposed that after a high temperature anneal, a 

 

Figure 3-3: The evolution of the normalized volume fraction of c-domains (ν001) during layer-by-layer 

crystallization for 2% Nb-doped PZT 30/70 thin films processed via chemical solution deposition for 

thicknesses ranging from ~80 nm (1 layer) to ~500 nm (6 layers). 
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redistribution of the domain state occurred. The release relieves local stress at the film-

substrate interface and reduces the bending rigidity of the structure. As a result, the released 

portions of the film experienced a different stress compared to its clamped counterpart 

upon cooling below Tc. Annealing above Tc allows redistribution of the domain state in the 

released films; whereas, when the annealing was not performed, no change in the volume 

fraction of c-domains was observed after films were released from the substrate.[28] 

Thirdly, when an electric field is applied, a much larger volume fraction of c-

domains is achieved for all film thickness in released films relative to clamped ones. This 

is particularly true at 3*Ec. Above 1.5*Ec, the diaphragms tear due to the high piezoelectric 

strains and release geometry.[51] After tearing, portions of the film are free to deflect 

vertically to relieve in-plane tensile stress, creating cantilever-like regions. This state is 

referred to as global release. After global release, the 0.27 µm and 0.56 µm thick films both 

show nearly 50% c-domain fractions at 3*Ec. 𝜈002 are comparable for all thicknesses even 

after poling. 

Figure 3-2 (b) shows electric field-induced changes in 𝜂002 for all film thickness in 

the clamped state and 75% released state. In the clamped state, each film experiences 

similar levels of ferroelastic domain reorientation during poling and similar back-switching 

regardless of film thickness (i.e. the relaxation of reoriented domains back to a remanent 

state as the electric field decreases to zero). These results suggest that substrate clamping 

acts as the dominant restoring force for back switching in clamped films. 𝜂002 is ~0.18 at 

3*Ec which is almost four times larger than what has been previously reported for ~1.9 µm 

thick clamped 1% Mn-doped PZT 30/70 films.[51]  The enhanced domain reorientation in 

the 2% Nb-doped PZT films of the present study is consistent with softening of the 
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electromechanical response. Additionally, after release, all film thicknesses have 

comparable electric field-induced changes in 𝜂002, as shown in Figure 3-2 (b). As expected, 

more domain reorientation is observed in released films than in clamped ones.[51] 

3.3.2 Thickness Dependence of Residual Stress 

In the clamped state, the thinnest 0.27 µm film has the smallest out-of-plane d-

spacing for a and c-domains, 𝑑200 and 𝑑002 respectfully, as shown in Figure 3-4. The 

domains present in an as-processed, clamped film are under in-plane tensile stress due to a 

variety of factors including strain related to defect concentrations and thermal strain formed 

due to the thermal expansion coefficient mismatch between the film and the substrate.  
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Thinner films experience a greater in-plane tensile stress that develops upon cooling 

below Tc which contributes to smaller out-of-plane lattice (d) spacings for the 0.27 µm 

film.[30] Additionally, since a thickness dependence in the d spacings persist above Tc, as 

shown in Figure 3-5, a greater concentration of defects in thinner films also contributes to 

 

Figure 3-4: The d-spacing for the 002 (a) and 200 reflections (b) (d002 and d200, respectively) as a function of 

applied electric field increment for 2% Nb-doped PZT 30/70 thin films of thicknesses 0.27 µm, 0.38 µm, 

0.56 µm, and 1.11 µm in the clamped state and the 75% released state are shown. 
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smaller d spacings for the 0.27 µm film. The d spacings were determined from the peak fit 

of the 002 cubic reflection which was relatively symmetric at 500 °C. Thus, the thickness 

dependence in the out-of-plane lattice spacings for clamped films is attributed to both a 

larger in-plane tensile stress and a higher concentration of defects in thinner films. This 

would be consistent with the data of Berfield et al. [5] suggesting that chemical solution 

derived PZT films ~200 nm thick have higher in-plane tensile stresses than thicker films 

when grown on Pt-coated Si substrates. 

Interestingly, 𝑑200 does not monotonically increase with increasing thickness from 

0.27 to 1.11 µm, shown in Figure 3-4 (b). The films reported in this study have smaller out-

of-plane lattice parameters compared to their bulk counterpart due to the in-plane tensile 

stress that PZT experiences when processed on a Si substrate. If the in-plane tensile stress 

decreases with increasing film thickness, as suggested elsewhere[81], it should be reflected 

 

Figure 3-5: The thickness dependence of d-spacing for the 200 reflection (d200) for 2% Nb-doped PZT 30/70 

thin films of thicknesses 0.27 µm, 0.56 µm, and 1.11 µm at room temperature (30 °C) and above the 

tetragonal to cubic phase transition temperature (500 °C). 
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in a gradual increase in 𝑑200. Additionally, at elevated temperatures above Tc, d-spacing is 

also observed to increase with increasing thickness for these films. However, at room 

temperature, Figure 3-4 (b) shows that the 𝑑200 increases sharply as film thickness increases 

from 0.27 µm to 0.38 µm, then decreases as film thickness increases further from 0.38 µm 

to 1.11 µm. Reasons for this are unclear, but these changes are consistent with a reported 

decrease in the reversible Rayleigh coefficient with increasing thickness for films >0.38 

µm.[83] This suggests that competing factors may influence the thickness dependence of 

d200. 

For both clamped and released films, 𝑑002 increases with increasing applied electric 

field as shown in Figure 3-4 (a). A complete data set of 𝑑002 and 𝑑200 as a function of 

applied field for all film thicknesses is shown in Figure 3-6, along with those of bulk 

ceramics of similar composition.[95] The field-induced changes in 𝑑002 are substantially 

too large to be due only to the intrinsic piezoelectric response, as the required d33,f on 

increasing field would need to exceed ~250 pm/V in the clamped films. Moreover, the 𝑑002 

values do not recover when the field is removed. 
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Under applied electric fields, re-writing the domain state will change both the 

residual stress state of the film and the domain size. For example, 𝑑002 increases with 

increasing applied electric fields whereas 𝑑200 decreases. It is notable that the increase in 

𝑑002 is accompanied by a reduction in the full width half maximum (FWHM) of the 002 

peak, while the FWHM of the 200 peak increases on poling, as shown in Figure 3-7 (a) for 

a clamped 1.11 µm thick film. This suggests that the c-domains coarsen on poling, as 

shown schematically in Figure 3-8.  

Figure 3-6: The d-spacing for the 002 and 200 reflections (d002 and d200, respectively) as a function of applied 

electric field increment for 2% Nb-doped PZT 30/70 thin films of thicknesses (a,e) 0.27 µm, (b,f) 0.38 µm, 

(c,g) 0.56 µm, and (d,h) 1.11 µm in the clamped state and the 75% released state are shown and compared to 

d-spacing values for their bulk counterparts. 
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Figure 3-7: (a) The full width half maximum (FWHM) for the 002 and 200 reflections as a function of 

applied electric field is plotted for 2% Nb-doped PZT 30/70 thin films of thicknesses 1.11 µm. (b) FWHM 

for the 200 reflection as a function of applied electric field is plotted for clamped films of thicknesses ranging 

from 0.27 µm to 1.11 µm (left); and FWHM for the 200 reflection as a function of applied electric field is 

plotted for the 0.27 µm film for all release states (right). 
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As the c-domains coarsen, they begin to approach the d-spacing values for powders 

of the same composition. This is presumably the cause of the irreversible strains in 𝑑002 

on poling. After ferroelastic switching occurs, unswitched a-domains are placed under 

further in-plane tension by neighboring c-domains reoriented by the applied electric field. 

As a result, 𝑑200 decreases. This is observed for tetragonal PZT thin films as an anisotropic 

electric field induced change in the out-of-plane d-spacings.[96] Additionally, the FWHM 

of the a-domains increases irreversibly upon application of electric field, presumably due 

to the microstrain that develops during irreversible 90° switching. Since some 90° domain 

 

Figure 3-8: A model of the domain structure within one grain before (left) and after (right) poling to 3*Ec. 

In general, the volume fraction of c-domains increases, and the c-domains coarsen upon application of electric 

field. 
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reorientation is not recoverable, the residual strain associated with ferroelastic switching 

results in an irreversible change in 𝑑002, 𝑑200, FWHM of 002 and FWHM of 200.  

In general, the FWHM of the 200 is smaller than that of the 002, as shown in Figure 

3-7 (a) for the 1.11 µm thick film (and was true for all film thicknesses). Additionally, the 

FWHM of 200 increases as film thickness increases, as shown in Fig. Figure 3-7 (b). 

Moreover, the thickness dependence in the FWHM of 200 is maintained even after poling. 

Williamson-Hall analysis was used to determine the origin of the thickness 

dependence in the FWHM of 200.[93][94] Figure 3-9 shows that both the microstrain and 

crystallite size of a-domains increases as thickness increases. These values are comparable 

to microstrain and crystallite sizes reported in other studies of PZT thin films grown on Si 

substrates using CSD, which also report an increase in crystallite size and microstrain as 

film thickness increases from 0.35 µm to 0.54 µm.[97]  

 

Figure 3-9: The crystallite size and microstrain as a function of film thickness for 2% Nb-doped PZT 30/70 

thin films in the clamped, unpoled state. 
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The increase in microstrain of a-domains with film thickness may be correlated 

with the increase in 𝜈002. The local stress state of the film changes to accommodate an 

increase in 𝜈002. The dependence of microstrain on domain state has also been reported for 

PZT films grown in single-crystal MgO(100) substrates via puled laser deposotion.[98]  

In general, the crystallite size of a-domains are at least two times as large as c-

domains. Therefore, tetragonal PZT films that are under in-plane tensile stress favor a 

greater volume fraction of a-domains as well as larger a-domain crystallites, as shown 

schematically in Figure 3-8. Similar to thickness-dependent trends in microstrain, the 

crystallite size of a-domains increases with increasing film thickness. Therefore, the 

thinnest 0.27 µm film presumably has the largest domain wall density, due to its small 

crystallite size. These results suggest that the reported Rayleigh coefficiences (𝛼𝜀 and 

𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙) for the clamped, unpoled 0.27 µm film are larger relative to thicker films due in 

part to the greater domain wall density present in the film.[83] 

Releasing from the substrate followed by annealing above Tc (~450°C) relieves the 

in-plane tensile stress of the film, resulting in an increase in d-spacing, as shown in Figure 

3-4. The largest increase in both 𝑑200 and 𝑑002 occurs for the 0.27 µm film (0.76% and 

1.32% increase, respectively). Upon release, the 𝑑200 and 𝑑002 converge to ~1.966±0.001 

Å and ~2.015±0.01 Å, respectively, for all film thicknesses in the virgin state. The 

annealing temperature is too low to expect significant changes in Pb stoichiometry, so the 

change in d spacing is attributed to strain relaxation associated with the different 

mechanical boundary conditions once the film is globally released. These results confirm 
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that 0.27 µm film experiences a greater strain relaxation upon release and is likely linked 

to a larger increase in the irreversible Rayleigh response upon release.[83]  

At applied electric fields of 3*Ec, the electric field induced increase in FWHM of 

200 is enhanced post-release by ~ 9% for the 0.27 µm thick film, also shown in Figure 3-7 

(b). Differences in the FWHM as a function of release state develop after globally releasing 

the film from the substrate (applied electric fields ≥ 1.5*Ec for which tearing of the 

diaphragms occurs). Therefore, the increase in the FWHM upon release may be due to 

electric field induced non-uniformities in microstrain and/or crystallite size. 

3.3.3 Rayleigh poling study  

Previous studies have shown that Rayleigh parameters 𝛼𝜀 and 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 have a 

complicated thickness dependence that is influenced by the domain state of the film and 

changes upon release.[83] Complementary Rayleigh analysis was conducted to investigate 

whether the thickness dependence of 𝛼𝜀 and 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 changes upon poling. Dispersion 

curves of the Rayleigh parameter 𝛼𝜀 as a function of frequency are shown in Figure 3-10 

for unpoled (a) and poled (b) PZT films in the clamped state. In general, 𝛼𝜀 decreases upon 

poling, presumably due to the decrease in domain wall density associated with the 

coarsening of c-domains inferred from the smaller FWHM of the 002 reflection. Small (< 

9%) thickness independent changes in 𝛼𝜀 occur upon poling for clamped films.  
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Upon 75% release from the substrate, 𝛼𝜀 increases for all film thickness, as shown 

in Figure 3-10 (c). Moreover, after poling, the change in 𝛼𝜀 for the 75% released film is 

more than double that for the clamped film. The changes in 𝛼𝜀 are the largest at low 

frequencies, confirming observations reported elsewhere that substrate clamping has a 

greater influence on slower, irreversibly moving, domain walls.[83] Finally, since releasing 

the film from the substrate enhances ferroelastic domain reorientation, it can be assumed 

 

Figure 3-10: Frequency dispersion of the Rayleigh parameter αε as a function of film thickness ranging from 

0.27 µm to 1.11 µm for 2% Nb-doped PZT 30/70 thin films in the clamped state for unpoled (a) and poled 

(b) films, as well as in the 75% released state for unpoled (c) and poled (d) films. 
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that the greater change in 𝛼𝜀  for released films is due to a greater decrease in domain wall 

density resulting from c-domain coarsening upon poling.  

Dispersion curves of 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 are shown in Figure 3-11 for unpoled (a) and poled (b) 

clamped PZT films. 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 decreases upon poling due to the increases in volume fraction 

of c-domains coupled with a decrease in domain wall density due to coarsening of the c-

domains. The thickness dependence of 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is increases after poling, with a three times 

larger change in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 for the 1.11 µm film (~16%) compared to the 0.27 µm film (~5%). 

This thickness-dependent change in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is not due to differences in the ferroelastic 

domain reorientation, since 𝜂002 is not thickness-dependent (see in Figure 3-2). 

Additionally, the thickness-dependent change in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is not intrinsically driven since 

there is no change in the thickness dependence of 𝜈002.  
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Phenomenology can be used to determine whether thickness-dependent changes in 

𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 upon release and after poling is driven by intrinsic or reversible extrinsic 

contributions to the permittivity. Estimated values for 𝜀𝑟,𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 are plotted as a function 

of film thickness for unpoled films in both the clamped and 75% released states, as shown 

in the lower portion of Figure 3-12 (a). For a clamped unpoled film, 𝜀𝑟,𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 decreases 

as thickness increases, as expected based on the thickness-dependence of 𝜈002. However, 

 

Figure 3-11: Frequency dispersion of the Rayleigh parameter εinitial as a function of film thickness ranging 

from 0.27 µm to 1.11 µm for 2% Nb-doped PZT 30/70 thin films in the clamped state for unpoled (a) and 

poled (b) films, as well as in the 75% released state for unpoled (c) and  poled (d) films. 
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upon 75% release from the substrate, the thickness dependence in 𝜀𝑟,𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 is reduced. 

Therefore, the thickness dependence in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 for the unpoled, 75% released state is due 

predominantly to a thickness dependence in the reversible extrinsic contribution to the 

relative permittivity (𝜀𝑟,𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 ). Upon release, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 decreases by ~6% for all film 

thicknesses, as shown in Figure 3-11 (c), which is mainly related to a shift from reversible 

to irreversible domain wall contributions to the relative permittivity.[83] 

Phenomenological calculations suggest that the 𝜀𝑟,𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒  decreases upon release for all 

film thicknesses, driving the overall decrease in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙. 

For clamped films, 𝜀𝑟,𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 decreases upon poling, with a comparable decrease 

for all film thicknesses (3.4% decrease for 0.27 µm vs. 4.0% decrease for 1.11 µm), as 

shown in the lower portion of Figure 3-12 (b). Therefore, it is confirmed that the thickness-

dependent change in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 upon poling for a clamped film is not due to intrinsic changes. 

In general, 𝜀𝑟,𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒  decreases as thickness increases regardless of the release state for 

 

Figure 3-12: The intrinsic (εr,intrinsic) and reversible, extrinsic (εr,extrinsic) contributions to the permittivity as a 

function of film thickness ranging from 0.27 µm to 1.11 µm for 2% Nb-doped PZT 30/70 thin films in the 

clamped and 75% released state for unpoled (a), as well as in the clamped state for unpoled and poled films 

(b). 
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both unpoled and poled samples, as shown in the upper portion of Figure 3-12 (a) and (b). 

These results suggest that substrate clamping creates deep potential wells in the potential 

energy landscape in which reversible motion of domain walls is preferred, consistent with 

studies by Griggio et al.[54] Additionally, it is probable that domain wall motion in thinner 

films exhibit more reversible motion compared to thicker films, since a greater fraction of 

domain walls in thinner films are subject to clamping effects at the film-substrate interface.  

For clamped films, the decrease in 𝜀𝑟,𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒  upon poling in the thicker 1.11 µm film is 

double that for the thinner 0.27 µm film (20% decrease vs. 10% decrease, respectively). 

Therefore, the thickness-dependent change in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 upon poling for a clamped film is 

primarily due to extrinsic contributions. It is proposed that thicker films, which have 

reduced in-plane tensile stress and defect concentrations, experience a greater coarsening 

of c-domains upon poling. As a result, thicker films have smaller domain wall densities in 

the poled state, resulting in a greater decrease in both 𝜀𝑟,𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒  and 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 upon poling. 

The relative permittivity can be separated into three contributions: intrinsic, 

reversible extrinsic and irreversible extrinsic contributions, as shown in Figure 3-13. It was 

found that for these films, 𝜀𝑟,𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒  makes up a majority of the relative permittivity (at 

least 70%). Therefore, the thickness dependence in 𝜀𝑟,𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒  will dictate the thickness 

dependence of the overall relative permittivity. As noted above, the extraction of the three 

contributions to the relative permittivity assumes that the contributions can be stacked 

linearly. However, the intrinsic and extrinsic contributions may be inter-related. In this 

case, we assume that the cross terms are negligible at low applied electric fields (within the 

Rayleigh regime: 𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ≤ 𝐸𝑐).  It is also possible that properly accounting for clamping 
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of the intrinsic relative permittivity would drop that contribution by roughly a factor of 

two, with the difference contributing to the reversible extrinsic permittivity. 

3.4 Conclusions 

In situ high resolution XRD was used to investigate the influence that substrate 

clamping and residual stress have on the thickness dependence of the volume fraction of 

c-domains and electric field induced strain upon release. Tetragonal {001} 

Pb0.99(Zr0.3Ti0.7)0.98Nb0.02O3 films were deposited using CSD with thicknesses ranging from 

 

Figure 3-13: The intrinsic (εr,intrinsic), reversible and irreversible extrinsic (εr,extrinsic) contributions to the 

permittivity as a function of film thickness ranging from 0.27 µm to 1.11 µm for 2% Nb-doped PZT 30/70 

thin films in the clamped state for unpoled (a) and poled films (b), as well as in the 75% released state for 

unpoled (c) and poled films (d). 



74 

 

0.27 µm to 1.11 µm. The thickness dependence of 𝜈002 is influenced by the concentration 

of defects in the films and the degree of residual stress formed upon cooling below Tc. This 

thickness dependence persists after poling and is alleviated upon release. The thickness 

dependence of 𝜈002 can result in differences in the intrinsic contributions to reversible 

Rayleigh parameter, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙. The thinnest 0.27 µm film has the smallest d-spacings for both 

a and c-domains due to a greater in-plane tensile stress and a higher concentration of 

defects present in thinner films. In general, the electric field produced changes in d002 and 

d200 associated with irreversible coarsening of c-domains as well as irreversible 90° domain 

reorientation, both of which will change the local stress state of the film. The thickness 

dependence of the FWHM of 002 is due to increasing microstrain and crystallite size with 

film thickness. Releasing the film from the substrate relieves residual stress, increases the 

FWHM of the 200 reflection and enhances ferroelastic domain reorientation. Residual 

stress in a film indirectly affects the extent of reversible, extrinsic contributions to the 

relative permittivity. These results confirm that residual stress at the film-substrate 

interface creates a potential energy landscape with deep potential wells, such that reversible 

motion of domain walls is preferred. 
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Chapter: 4 Influence of Elastic Layer Thickness on Mechanical 

and Ferroelastic Behavior of PiezoMEMS Beams 

4.1 Introduction 

Pb(ZrxTi1-x)O3 (PZT) thin films serve as the active layer in piezoelectric 

microelectromechanical systems (piezoMEMS) for applications such as mass sensors, 

radio frequency (RF) switches, transformers, micromachined ultrasound transducers, and 

small-scale robotic actuators.[3][4][5][6][7][8][9][10][11][12] For these applications, 

released structures, such as a cantilever or fixed-fixed beam geometry, enhance the out-of-

plane deflection for actuators and in-plane stresses for sensors. A typical piezoMEMS 

structure consists of a Pt/PZT/Pt/TiO2/SiO2 stack grown on a Si substrate, although many 

options for the electrodes (Pt, IrO2, etc.) and the passive elastic layer (here SiO2) are 

possible. The elastic layer thickness and its stress state can be tailored to control the static 

deformation of the piezoelectric layer, rigidity, resonant frequency and the drive voltage 

required to reach a particular deflection.[3][4][99][100][101] 

 The residual stress of each layer (𝜎𝑖) can be approximated as an uniaxial residual 

stress field using the polynomial in Equation 4-1 where h is the thickness of the individual 

layer and z is the z-position across the layer thickness from the film’s midplane.[102] 

 𝜎𝑖 = ∑ 𝜎𝑘 ∗ (
2𝑧

ℎ
)

𝑘
∞
𝑘=0  where 𝑧 ∈ (

−ℎ

2
,

+ℎ

2
) 

4-1 

Therefore, for the first order approximation, the first term (𝜎0) represents the mean 

stress of the layer, and the second term (𝜎1 ∗ (
2𝑧

ℎ
)) represents the linear stress gradient in 

the film resulting from growth stresses. For a multilayered system, the mean residual stress 
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can be represented by the integrated stress, the residual stresses (𝜎𝑖) multiplied by the 

thickness (𝑡𝑖) of each layer, as shown in Equation 4-2.[103] 

 𝜎1,2,…𝑛 =
∑ 𝜎𝑖∗𝑡𝑖

𝑛
𝑖

∑ 𝑡𝑖
𝑛
𝑖

 
4-2 

The residual stress that develops during processing includes both thermal and 

growth stresses. Thermal stress develops due to the mismatch in the coefficient of thermal 

expansion (𝛼𝐶𝑇𝐸) between the film and the substrate. Typically, on a blanket Si substrate, 

a crystallized PZT layer is under biaxial, in-plane tension since 𝛼𝐶𝑇𝐸 of Si (2.6 ppm/°C) is 

less than that of PZT in the paraelectric phase (6.7-9.4 ppm/°C, depending on 

composition).[75] Additionally, the thermal SiO2 layer is under compression, both due to 

intrinsic growth stresses and since 𝛼𝐶𝑇𝐸 of Si is greater than that of SiO2 (0.5 ppm/°C).[104] 

Intrinsic stresses can vary during layer-by-layer processing involving repetitive 

high temperature annealing steps, such as during chemical solution deposition 

(CSD).[30][81][82] In particular, either line defects or non-stoichiometric defects vary in 

concentration across a film thickness, resulting in an out-of-plane stress gradient as a 

function of film depth. For example, during CSD of PZT thin films, Pb loss to the film-

substrate interface and Zr/Ti segregation are common occurrences.[71][105][106] 

Therefore, intrinsic stress as well as thermal stress may be present in the PZT, contributing 

to the overall residual stress in the PiezoMEMS device stack (𝜎𝑠𝑡𝑎𝑐𝑘). 

In order to relieve 𝜎𝑠𝑡𝑎𝑐𝑘, a cantilever changes length in response to the mean stress 

and bends to relieve stress gradients.[102] The overall deflection can be modeled using 

Stoney’s equation for cantilevers that have aspect ratios 
𝐿

𝑏
≥ 3, where L is the length of the 
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cantilever and b is the width of the cantilever.[107] Additionally, finite element analysis 

(FEA), Bernoulli-Euler beam bending and other analytical methods have been proposed to 

describe the deflection of cantilevers and fixed-fixed beams. 

[99][107][108][109][110][111] 

The passive layer (typically SiO2) in PiezoMEMS is used to amplify deflection, 

while providing desired levels of stiffness to control resonance frequencies. The 

differences in the residual stress states between the tensile PZT layer and the compressive 

SiO2 layer amplifies the static deflection of a cantilever tip since the layers are typically 

located on opposite sides of the neutral axis (�̅�).[99][110][112] The neutral axis can be 

calculated using Equation 4-3, in which 𝑡𝑖 is the thickness, 𝐸𝑖 is the Young’s modulus of a 

given layer, 𝐸𝑃𝑍𝑇 is the Young’s modulus of PZT and 𝑦𝑖 is the centroid of a given layer. 

  �̅� =
∑[𝑡𝑖∗(

𝐸𝑖
𝐸𝑃𝑍𝑇

)∗𝑦𝑖]

∑[𝑡𝑖∗(
𝐸𝑖

𝐸𝑃𝑍𝑇
)]

 

4-3 

The added thickness of the SiO2 layer increases the flexural rigidity (D) and bending 

stiffness (S) of the device, as shown in Equation 4-4, where E is the Yong’s modulus, t is 

the overall thickness and ν is the Poison’s ratio of the device.[113]  

  𝐷 =
𝐸∗𝑡3

12∗(1−𝜈2)
=

𝑆

(1−𝜈2)
 

4-4 

D and t are important design parameters for tuning the fundamental resonance 

frequency (𝑓0) for many PiezoMEMS devices, as shown in Equation 4-5, where 𝜌 is the 

density. 𝛾 is a constant related to the length (L) of the structure and scaled frequency 

parameter or eigenvalue (k), as shown in Equation 4-6.[114] 
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  𝑓0 = 𝛾2√
𝐷

𝜌∗𝑡
 

4-5 

  𝛾 =
√𝑡∗𝑘

𝐿
 

4-6 

The normalized beam rigidity depends on the thickness of 

structures.[110][111][115][116] If 𝐸𝑆𝑖𝑂2
> 𝐸𝑃𝑍𝑇 then the average 𝐸𝑠𝑡𝑎𝑐𝑘 increases, which 

will increase D and S. However, it is difficult to determine whether SiO2 or PZT has the 

larger Young’s modulus since the reported values for 𝐸𝑆𝑖𝑂2
 vary from 60 GPa to 80 GPa 

[117][118] and 𝐸𝑃𝑍𝑇 varies from 40 GPa to 100 GPa with texture, composition, doping, 

etc.[119] 

In the case of a fixed-fixed beam geometry, more complicated buckling patterns 

can occur in thinner devices. As the thickness of the SiO2 layer decreases, 𝑓0 is expected 

to decrease. However, 𝑓0 will increase as the buckling complexity increases.[120] 

Therefore, for a fixed-fixed beam geometry, there may be competing mechanisms, flexural 

rigidity vs. buckling mode shape, that dictate the shift in resonance frequency as the 

thickness of the SiO2 layer is varied.  

As the rigidity of the device increases, at some point the ferroelastic response of 

the PZT layer will be suppressed, in the same way that substrate rigidity suppresses the 

ferroelastic response in blanket films.[51][86] The influence of substrate clamping on the 

dielectric properties of PZT can be investigated using Rayleigh analysis.[54][83] 

Therefore, this technique can be utilized to determine how the dielectric properties of the 

PZT layer change as the rigidity of the device increases, i.e. the thickness of the SiO2 layer 

increases. The Rayleigh law is described using Equation 1-8 in Chapter 1 of this thesis. In 
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short, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙, is the reversible dielectric Rayleigh coefficient which contains both the 

reversible extrinsic and intrinsic contributions to the permittivity. 𝛼𝜀, is the irreversible 

dielectric Rayleigh coefficient associated with extrinsic contributions to the permittivity 

from irreversible movement of domain walls and phase boundaries through a random 

potential energy landscape.[21]  

Griggio et al. has shown that polycrystalline Pb(Zr0.52Ti0.48)O3 (PZT 52/48) films 

that are released from the substrate have enhanced 𝛼𝜀 and 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙.[54] Conversely, Denis 

et al. reported that 𝛼𝜀 increases, while 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 decreases, with increasing release state for 

{001} textured PZT 30/70 films of thickness ranging from 0.27 µm to 1.11 µm. It is 

suggested that there is a shift of at least some domain walls from reversible to irreversible 

motion upon release.[83] Therefore, it is important to understand how the elastic layer 

thickness (i.e. device rigidity) influences the irreversible or reversible contributions to the 

relative permittivity of the PZT layer. This will ultimately govern device performance.  

4.2 Fabrication 

Tetragonal, {001} textured Pb(Zr0.3Ti0.70)O3 (PZT 30/70) based PiezoMEMS 

actuators were fabricated on a (001) silicon wafer in a cantilever and fixed-fixed beam 

geometry. The free-standing composite stack is comprised of either a 0.76 µm or 2.035 µm 

thick SiO2 elastic layer, followed by a TiO2 adhesion layer, a Pt bottom electrode, a PbTiO3 

seed layer, a PZT 30/70 active layer, and an IrO2 top electrode layer. A schematic of the 

device stack, including the thicknesses of each layer and lateral dimensions, is shown in 

Figure 4-1 for the fixed-fixed beam geometry (a, b) and the cantilever geometry (c, d). SEM 

images of the side view of both devices are also included.  
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The devices were fabricated at the US Army Research Laboratory (ARL). Full 

details of the processing are described elsewhere.[99][121] In summary, thermal SiO2 was 

grown by annealing a Si wafer at 700 °C. The thickness of the SiO2 layer was chosen such 

that either a positive or negative tip displacement of the cantilever was achieved based on 

a linear residual stress deformation model (2.035 µm or 0.76 µm thick SiO2, 

respectively).[99] Next, a layer of Ti was sputtered and oxidized at 750 °C in flowing 

 

Figure 4-1: A schematic illustrating the dimensions and film stack of the fixed-fixed beams, including a top 

down view of the patterned features (a) and side view of the device stack (b) with a SEM image of the device 

with a 2.035 µm SiO2 elastic layer. Also shown is a schematic listing of the dimensions and film stack for 

cantilevers of lengths ranging from 250 µm to 50 µm, including a top down view of the patterned features 

(c) and side view of the device stack (d) with a SEM image of cantilevers with a 2.035 µm SiO2 elastic layer. 
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oxygen to form the adhesion/diffusion barrier layer. The Pt bottom electrode was deposited 

onto the adhesion layer at 500 °C using magnetron sputtering. A PbTiO3 seed layer was 

deposited via a 2-Methoxyethanol (2-MOE) based CSD process described 

elsewhere.[58][122] The seed layer promoted the growth of the {001} textured PZT film; 

the PZT films were also grown via 2-MOE based CSD with 12% excess lead. The PZT 

films were spun, pyrolyzed and crystallized at 700 °C repeatedly until a ~0.5 µm thick film 

was achieved. Details of the CSD process used for the PZT film is described 

elsewhere.[121] Finally, IrO2 was sputtered onto the PZT layer to act as the top electrode, 

instead of Pt, to improve capacitor reliability.[123]  

The cantilever and fixed-fixed beam geometries were achieved via a four-mask 

photopatterning and release process described elsewhere.[99][121] Argon ion milling was 

used to remove regions of the IrO2/PZT/PbTiO3/Pt/TiO2/SiO2 stack to expose the 

underlying silicon substrate and create the release trench. An isotropic XeF2 etch was then 

used to remove parts of the Si substrate underneath the device stack, creating the free-

standing structures. For the cantilever actuator, the IrO2/PZT/PbTiO3/Pt/TiO2/SiO2 stack 

extends the full length of the cantilever beam. However, for the fixed-fixed beam structure, 

the IrO2/PZT/PbTiO3/Pt/TiO2/SiO2 stack is only present 250 µm along the length of the 

beam from the clamped edges on either side of the bridge structure, as shown in the cross-

sectional schematic of Figure 4-1 (a). Only SiO2 is present at the center of the bridge 

structure; this is shown in navy blue in Figure 4-1 (a) (500 µm in length). 



82 

 

4.3 Modeling 

FEA (via COMSOL Multiphysics® software[124]) was used to model the vertical 

deflection of a 2-dimensional (2-D) cantilever 250 µm in length, 30 µm in width using the 

material properties listed in Table 4-1. All layers were assumed to behave as linear elastic 

materials with isotropic properties. Since PbTiO3 shares similar material properties to PZT 

and the thickness of the PbTiO3 is an order of magnitude less than that of PZT, the PbTiO3 

layer was included as part of the PZT layer in the modeling for simplicity. Since 𝐸𝑃𝑍𝑇 can 

vary with composition, dopant type and texture, 𝐸𝑃𝑍𝑇 values ranging from 40 GPa to 100 

GPa were tested in the simulation, which is representative of the range of 𝐸𝑃𝑍𝑇 found in 

the literature.[119] 

The residual stress of the PZT and SiO2 layers were based on thermal stress 

calculations for a film grown on a 0.5 mm thick Si substrate (𝐸𝑆𝑖 = 160 GPa [130], 𝜈𝑆𝑖 = 

0.17 [130] and 𝛼𝐶𝑇𝐸,𝑆𝑖 = 2.6 ppm/°C [131][132]) using classical laminate theory.[133] A 

range of values for 𝜎𝑃𝑍𝑇 and 𝜎𝑆𝑖𝑂2
 were chosen to account for the variations in 𝛼𝐶𝑇𝐸 of PZT 

[134] and SiO2 [135] reported in the literature. 𝜎𝑃𝑍𝑇 was varied between 0 MPa and 300 

MPa, corresponding to a 𝛼𝐶𝑇𝐸,𝑃𝑍𝑇 range of 2 ppm/°C to 6 ppm/°C, respectively, for 𝐸𝑃𝑍𝑇 =

Table 4-1: Film Thickness and Material Properties of Device Layers 

Material Thickness (µm) Young’s Modulus (GPa) Poisson’s Ratio Initial Stress (MPa) 

IrO2 0.1 262 [123] 0.3 [123] -900 [125] 

PZT 0.5 40 to 100 [119][126] 0.3 [81] 0 to 300 

Pt 0.1 182 [127] 0.41 [127] 700 [99] 

TiO2 0.035 250 [128] 0.27 [128] 500 [129] 

SiO2 2.035 or 0.76 60 to 100 [117][126] 0.17 [117] 0 to -125 
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80 𝐺𝑃𝑎. 𝜎𝑆𝑖𝑂2
 was varied between 0 GPa and -125 GPa, corresponding to a 𝛼𝐶𝑇𝐸,𝑆𝑖𝑂2

 range 

of 2.5 ppm/°C to 0.25 ppm/°C, respectively, for 𝐸𝑆𝑖𝑂2
= 70 𝐺𝑃𝑎.  

4.4 Characterization 

The cantilever tip displacements were measured using optical profilometry (Zygo 

NexviewTM NX2, 3D Optical Surface Profiler), typically in a CSI measurement mode, high 

Z resolution, high dynamic range, 10x magnification, 1x or 0.5x zoom depending on 

feature size, and 100 µm z-scan length to view both the device features and etch pit 

underneath. The measured tip displacements were used as a reference point for the 

COMSOL simulations. Based on this reference, the residual stress combinations for PZT 

and SiO2 that give the desired tip displacement were identified. The vertical deflections 

and buckling nature of the fixed-fixed beams were also measured using optical 

profilometry. 

Polarization vs. electric field (P–E) hysteresis loops were measured at a frequency 

of 10 Hz using a Radiant Precision Ferroelectric Tester for cantilever and fixed-fixed 

beams with SiO2 layers of thickness 2.035 µm and 0.76 µm. Rayleigh analysis was also 

conducted. The dielectric properties were measured at frequencies ranging from 100 Hz to 

4 kHz with applied AC electric fields up to 0.5*Ec (Ec = 55 ± 5 kV/cm) after the samples 

were annealed (open circuit) at ~450°C for 30 min. and aged for 24 hours. 
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4.5 Results and Discussion 

4.5.1 Influence of Stress and Thickness on Cantilever Tip Deflection 

Optical profilometry measurements for cantilevers of varying lengths are shown in 

the inset of Figure 4-2. For the longest cantilever (i.e. L=250 µm), the tip deflection is 

positive for cantilevers with a 2.035 µm thick SiO2 layer and negative for cantilevers with 

a 0.76 µm thick SiO2 layer. Sample tilting was accounted for by subtracting the tilt 

measured from clamped regions of the sample from the overall tip deflection within the 

area of interest. The magnitude of tip deflection is greater for the 0.76 µm thick SiO2 device 

compared to the 2.035 µm thick SiO2 device (-26.0 µm and +18.3 µm, respectively, when 

L=250 µm), as expected based on the lower rigidity. Additionally, as L decreases, the 

magnitude of the tip deflection also decreases regardless of SiO2 thickness, as shown in the 

SEM image of Figure 4-1 (d). 
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For a given cantilever length, the differences in the magnitude and sign (±) of tip 

deflection depends on the thickness and residual stress of each layer. The presence of a 

residual stress gradient in the device stack would result in the bending of the cantilever 

observed in Figure 4-2.[136] In the clamped state, the films were grown on a blanket 

substrate with a thickness approximately 3 orders of magnitude larger than the film 

thickness. Therefore, a uniform thermal stress developed within the layers post-processing. 

However, a stress gradient through the depth of the released device exists due to bending 

since the thermal stress of each layer in the device stack differ, as shown schematically in 

Figure 4-3 for a device with a 0.76 µm thick SiO2 layer and a 2.035 µm thick SiO2 layer.  

Figure 4-2: Vertical displacement of a cantilever across the length (x-position) of a 250 µm long beam for a 

device with a 2.035 µm thick SiO2 elastic layer and a 0.76 µm thick SiO2 elastic layer. The cantilever 

displacements were determined using the optical profilometry images inset in the graph for each device. 
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Cantilever bending alleviates the residual stresses in the device, more so in layers 

located farther from the neutral axis. The position of the neutral axis changes as the 

thickness of the SiO2 changes, as shown in Figure 4-3. Cantilevers with a 0.76 µm thick 

SiO2 layer exhibits a negative vertical deflection, suggesting that the region above the 

neutral axis was under compression and/or the region below the neutral axis was under 

tension post-processing. For a device with a 0.76 µm thick SiO2 layer, the neutral axis 

(Equation 4-3) lies within the Pt bottom electrode. The layers located above the neutral axis 

in this device include the PbTiO3 seed layer, the PZT active layer and the IrO2 top electrode. 

Since PbTiO3 and PZT develop in-plane tensile stress when processed on a Si substrate, it 

is unlikely that the alleviation of the residual thermal stress of these layers will result in the 

downward cantilever tip bending in this device. The IrO2 top electrode is under 

compression post-processing, with a large 𝜎𝐼𝑟𝑂2
of -913 MPa [125], which contributes 

strongly to the overall deflection of this device. The influence of the residual stress of the 

IrO2 top electrode may be greater for the thinner device since the top electrode (0.1 µm) 

makes up a greater volume of the device stack. If we assume 𝜎𝑆𝑖𝑂2
= -75 MPa and 𝜎𝑃𝑍𝑇= 

100 MPa, the average residual stress above the neutral axis is compressive and ~2x larger 

in magnitude than that below the neutral axis, (-69 MPa vs. 34 MPa for above and below 

the neutral axis, respectively, calculated using Equation 4-2). Therefore, upon release, the 

cantilever deflected in the negative vertical direction, presumably, to alleviate the in-plane 

stress in the top electrode. 

Figure 4-3: A cross-sectional schematic of the thermal residual stress that develops post-processing for a 

multilayered device, with a 0.76 µm thick SiO2 layer and a 2.035 µm thick SiO2 layer, processed on a Si 

substrate. The z-position of the neutral axis is shown for each device. 
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Cantilevers with a 2.035 µm thick SiO2 layer exhibit a positive vertical deflection, 

suggesting that the influence of 𝜎𝐼𝑟𝑂2
 on the tip deflection decreases as the thickness of the 

SiO2 layer increases. For a device with a 2.035 µm thick SiO2 layer, the neutral axis lies in 

the SiO2 layer. As a result, the variation in residual stresses above the neutral axis is greater 

for this device, since this region includes layers in compression (IrO2 top electrode and 

~0.4 µm of SiO2) and layers in tension (PZT, PbTiO3, Pt and TiO2). If we assume 𝜎𝑆𝑖𝑂2
= -

75 MPa and 𝜎𝑃𝑍𝑇= 100 MPa, the average residual stress below the neutral axis is 

compressive and more than 6x larger in magnitude than that above the neutral axis, (-75 

MPa vs. 12 MPa for below and above the neutral axis, respectively, calculated using 

Equation 2). 

4.5.2 FEA Modeling of Cantilever Tip Deflection 

Using COMSOL Multiphysics® software, FEA models of the device stack after 

release were created to determine the residual stress in each layer in order to match the 

observed tip displacement. Figure 4-4 shows the mesh used for these simulations. Figure 

4-5 shows a 2-D model of the cantilever tip displacement and a cross-section illustrating 

the in-plane residual stresses for each layer for cantilevers with either a 2.035 µm thick or 

0.76 µm thick SiO2 layer. Post-deflection, stress gradients form in regions of the device 

that are far from the neutral axis, as seen in the 2.035 µm thick SiO2 layer and 0.5 µm PZT 

layer in the 2.035 µm SiO2 device. COMSOL was also used to determine which 

combinations of 𝜎𝑃𝑍𝑇 and 𝜎𝑆𝑖𝑂2
 produced the experimental tip deflection for both the 2.035 

µm and 0.76 µm thick SiO2 cantilevers. The absolute value of the residual stress ratio of 

PZT to SiO2 (
𝜎𝑃𝑍𝑇

𝜎𝑆𝑖𝑂2

) decreases as 𝐸𝑃𝑍𝑇 decreases, regardless of SiO2 thickness or 𝐸𝑆𝑖𝑂2
, as 
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shown in Figure 4-6 (a). For a given 𝐸𝑃𝑍𝑇, there is a ~ 4% difference in 
𝜎𝑃𝑍𝑇

𝜎𝑆𝑖𝑂2

 between the 

2.035 µm and 0.76 µm thick SiO2 device if 𝐸𝑆𝑖𝑂2
= 60 GPa. As 𝐸𝑆𝑖𝑂2

 increases, the linear 

relationship (𝐸𝑃𝑍𝑇 vs.  
𝜎𝑃𝑍𝑇

𝜎𝑆𝑖𝑂2

) for the 2.035 µm thick SiO2 device converges with that for 

the 0.76 µm thick SiO2 device. As SiO2 becomes less compliant (greater 𝐸𝑆𝑖𝑂2
), a greater 

residual stress may form in the SiO2 layer and dictate 
𝜎𝑃𝑍𝑇

𝜎𝑆𝑖𝑂2

 regardless of SiO2 thickness. 

However, it is unlikely that 𝐸𝑆𝑖𝑂2
> 70 GPa.[117][118] Therefore, this suggests that 𝜎𝑆𝑖𝑂2

 

may be thickness dependent, resulting in differences in 
𝜎𝑃𝑍𝑇

𝜎𝑆𝑖𝑂2

 with SiO2 thickness. A 

thickness dependence in 𝜎𝑆𝑖𝑂2
 is not uncommon and may be related to variations in 

processing.[99] 

 

Figure 4-4: The mesh used for FEA simulations of the multilayered PiezoMEMS device. 
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Figure 4-5: A 2-D COMSOL model of the tip deflection of a 250 µm long cantilever, and a schematic cross-

section showing the residual stress in each layer after deflection for a device with a 2.035 µm thick SiO2 

elastic layer and a 0.76 µm thick SiO2 elastic layer. 
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Figure 4-6: (a) The linear relationship between the residual stress ratio (σPZT/σSiO2) and the PZT Young’s 

Modulus (EPZT) plotted for a device with a 2.035 µm thick SiO2 elastic layer and a 0.76 µm thick SiO2 elastic 

layer. The comparison is shown for two different SiO2 Young’s Modulus (ESiO2): 60 GPa and 100 GPa. 

Contour plots of σPZT vs. σSiO2 for a variety of cantilever tip displacements for a device with a 2.035 µm thick 

SiO2 elastic layer (b, d) and a 0.76 µm thick SiO2 elastic layer (c, e) for 𝜎𝐼𝑟𝑂2
 for 900 MPa and 1100 MPa. 

 



91 

 

Contour plots of 𝜎𝑃𝑍𝑇 vs. 𝜎𝑆𝑖𝑂2
 for a variety of tip displacements is also shown in 

Figure 4-6 for the 2.035 µm (b, d) and 0.76 µm (c, e) thick SiO2 devices with 𝐸𝑃𝑍𝑇 = 80 

GPa and 𝐸𝑆𝑖𝑂2
= 60 GPa. The values of 𝜎𝑃𝑍𝑇 and 𝜎𝑆𝑖𝑂2

 are not the values of residual stress 

measured in the PZT and SiO2 layers of the devices in this study. Rather, the FEA model 

represents a general (but complex) relationship between the layer thickness, residual stress, 

elastic modulus and tip displacement of a cantilever device. The grey diagonal lines on the 

contour plots represent a possible tip displacement (µm) and combinations of 𝜎𝑃𝑍𝑇 and 

𝜎𝑆𝑖𝑂2
 to achieve that displacement. The slope of the line is 

𝜎𝑃𝑍𝑇

𝜎𝑆𝑖𝑂2

. The contour plots can be 

used to determine the range of 𝜎𝑆𝑖𝑂2
 that will produce the appropriate tip displacement if 

𝜎𝑃𝑍𝑇 ranges from 50 to 150 MPa, as shown in the white shaded regions. The offset of the 

line (𝑍𝑜𝑓𝑓𝑠𝑒𝑡) corresponds to the tip displacement at zero residual stress of PZT and SiO2 

(𝜎𝑃𝑍𝑇 = 𝜎𝑆𝑖𝑂2
= 0 GPa) and depends on the residual stress of the IrO2 top electrode (𝜎𝐼𝑟𝑂2

).  

For a given film thickness (2.035 µm SiO2), the range of 𝜎𝑆𝑖𝑂2
 that will produce the 

appropriate tip displacement varies significantly with 𝜎𝐼𝑟𝑂2
, as shown in Figure 4-6 for 

𝜎𝐼𝑟𝑂2
= -900 MPa (b) and 𝜎𝐼𝑟𝑂2

= -1100 MPa (d). Changing the 𝜎𝐼𝑟𝑂2
 will shift the origin 

of the contour plot, thereby shifting the linear relationship between 𝜎𝑆𝑖𝑂2
 and 𝜎𝑃𝑍𝑇 for the 

desired tip displacement (white line). To obtain a self-consistent combination of 𝜎𝑃𝑍𝑇 and 

𝜎𝑆𝑖𝑂2
 that will yield the desired tip displacement in each device, the 𝜎𝐼𝑟𝑂2

 will be different 

for the two devices. The 𝜎𝐼𝑟𝑂2
 of the 0.67 µm thick SiO2 device would need to be ~ 200 

MPa greater than that for the 2.035 µm thick SiO2, as shown in the comparison of the white 

shaded region in Figure 4-6 (b) and (e). The relationship between tip displacement 
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(𝑍𝑡𝑖𝑝 𝑑𝑖𝑠𝑝𝑙.), 𝜎𝑃𝑍𝑇 and 𝜎𝑆𝑖𝑂2
 is shown in Equation 4-7, where m and n are defined by the 

residual stress ratio: 
𝜎𝑃𝑍𝑇

𝜎𝑆𝑖𝑂2

=
𝑚

𝑛
. m and n depend on SiO2 thickness, 𝐸𝑃𝑍𝑇 and 𝐸𝑆𝑖𝑂2

. 

𝑍𝑡𝑖𝑝 𝑑𝑖𝑠𝑝𝑙. = 𝑚 ∗ 𝜎𝑆𝑖𝑂2
+ 𝑛 ∗ 𝜎𝑃𝑍𝑇 + 𝑍𝑜𝑓𝑓𝑠𝑒𝑡 4-7 

4.5.3 Influence of Etch Process on Fixed-Fixed Beam Buckling 

Optical profilometry measurements for fixed-fixed beams are shown in the inset of 

Figure 4-7 for the device with SiO2 thickness of 2.035 µm and 0.76 µm. The thicker 2.035 

µm SiO2 device exhibits a first buckling mode shape (n=1) whereas the thinner 0.76 µm 

SiO2 device has an asymmetric third buckling mode shape (n=3). A maximum deflection 

of 34.8 µm occurs at the center of the fixed-fixed beam for the 2.035 µm SiO2 device. 

However, the 0.76 µm SiO2 device has a global maximum deflection of -21.6 µm and local 

maximum deflection of -16.9 µm, both of which occur ~220 µm from the center of the 

fixed-fixed beam, which is the region in which the device stack transitions from SiO2 

(present at the center of the fixed-fixed beam) to a stack of IrO2/PZT/PbTiO3/Pt/TiO2/SiO2 

(present at the left and right extremities of the fixed-fixed beams). This region will be 

referred to as the stack-SiO2 interface.  
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The driving force to create the complex buckling observed in the fixed-fixed beam 

with a 0.76 µm thick SiO2 layer is unclear, but may be an artifact of uneven XeF2 etching 

during the release process. The sign of the bending moment (M) around the center of mass 

at the stack-SiO2 interface changes for the device with a 0.76 µm thick SiO2 layer; whereas 

the sign of M stays the same for the device with a 2.035 µm thick SiO2 layer, as shown 

schematically in Figure 4-8. For the device with a thicker 2.035 µm SiO2 layer, the 

compressive SiO2 layer dictates the bending across the device. However, for the device 

with a thinner 0.76 µm SiO2 layer, the compressive IrO2 top electrode is proposed to dictate 

the downward bending in the stack, similar to the bending of the cantilever version of the 

device. Since the center of the fixed-fixed beam consists only of a compressive SiO2 layer, 

 

Figure 4-7: The vertical deflection of fixed-fixed beams across the length (x-position) of a ~1,000 µm long 

beam for a device with a 2.035 µm thick SiO2 elastic layer and a 0.76 µm thick SiO2 elastic layer. The 

buckling and vertical deflection of the fixed-fixed beams were determined using the optical profilometry 

images inset in the graph for each device. 



94 

 

the center of the beam will lengthen to alleviate the residual compressive stress upon 

release. This can be accomplished by buckling either upward or downward. Therefore, an 

additional driving force is needed to shift the bending moment at the stack-SiO2 interface 

in the device with a thinner 0.76 µm SiO2 layer. It is proposed that a non-uniform XeF2 

etch may have occurred across the length of the fixed-fixed beam such that undercutting 

started at the center of the beams, where only SiO2 was present. Therefore, the central 

portion of the beam released prematurely and deflected upward to alleviate the compressive 

stress in the SiO2. Figure 4-9 shows an optical profilometry image of an interrupted XeF2 

etch in which regions of SiO2 (center of the fixed-fixed beams) are released and bend 

upward although the electroded region of the beam remains unetched and clamped. The 

device with a thinner 0.76 µm SiO2 layer achieved a local minimum stress state due to the 

uneven XeF2 etch. 
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4.5.4 Impact of Nanofabrication and Tip Deflection on Electrical Properties 

To understand the impact of device fabrication on the electrical properties of the 

film, P-E loops were compared for clamped films (a), cantilevers (b), unpoled fixed-fixed 

beams (c) and poled fixed-fixed beams(d), as shown in Figure 4-10. For clamped films, the 

P-E loop exhibits a square shape, characteristic of a non-linear ferroelectric response. The 

P-E loops for the 2.035 µm and 0.76 µm thick SiO2 devices are almost identical, with 

imprint towards the positive electric field direction. Therefore, for a clamped film, the 

remanent polarization (Pr = 13.5 ± 0.1 µC/cm2), maximum polarization (Pmax = 36.5 ± 0.1 

µC/cm2) and coercive fields (+Ec = 68.8 ± 1.7 kV/cm and -Ec = 53.0 ± 0.2 kV/cm) do not 

depend on the thickness of the SiO2 layer.  

Figure 4-8: A cross-sectional schematic of the neutral axis and bending moment (M) is shown across the 

length of a fixed-fixed beam with a 0.76 µm thick SiO2 layer and a 2.035 µm thick SiO2 layer. 

 

Figure 4-9: Optical profilometry image of a fixed-fixed beam device with a 2.035 µm SiO2 layer that is 

partially and non-uniformly released after an interrupted XeF2 etch. 
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Upon release, Pr, Pmax and Ec increase, as shown in Figure 4-10 (a) for cantilevers. 

In each case, the loops are heavily pinched.  Pinching of the P-E loops may be a result of 

domain wall pinning from structural inhomogeneity and/or defects that develop during 

additional nanofabrication (such as Ar ion milling, reactive ion etching and XeF2 etching) 

needed to create the cantilevers and fixed-fixed beams. In particular, the charged ions in 

reactive ion etching can produce local imprint of the P-E loops.  The cantilever with SiO2 

thickness of 0.76 µm has a higher Pmax and Pr than that for the thicker elastic layer. It is not 

 

Figure 4-10: Polarization vs. electric field (P-E) hysteresis loops of an unpoled (a) clamped PZT 30/70 thin 

film, (b) cantilever and (c) fixed-fixed beam for a device with a 2.035 µm thick SiO2 elastic layer and a 0.76 

µm thick SiO2 elastic layer. P-E loops of a poled fixed-fixed beam for devices with the different SiO2 elastic 

layer thicknesses are also shown (d). Complementary optical profilometry images are shown for each device. 
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clear if this is due to a lowered rigidity for the thinner elastic layer device and hence a 

greater degree of ferroelastic switching, or whether it is simply a change in the process-

induced damage. In general, the area of the P-E loop increases upon release, regardless of 

SiO2 thickness, due to degraded saturation. Internal electric fields may have developed in 

the PZT film as a result of process-induced defect formation, resulting in an increase in Ec 

upon release (by ~6 kV/cm and ~27 kV/cm for +Ec and -Ec, respectively). It is probable 

that Pmax increases by ~10 µC/cm2 upon release due to the declamping effect.[83][137]  

The P-E loops for the fixed-fixed beams are similar to that of the cantilevers, as 

shown in Figure 4-10 (c). The fixed-fixed beam with SiO2 thickness of 0.76 µm also has a 

higher Pmax. However, the P-E loop of the fixed-fixed beams have greater amounts of 

pinching, which may be related to microfabrication induced damage. Therefore, no 

conclusions can be made about the thickness dependence of Ec or Pr for the fixed-fixed 

beams. Upon poling, Pr, Pmax and the amount of imprint in the P-E loops does not change, 

as shown in Figure 4-10 (d). This further confirms that the damage accrued during 

additional microfabrication induces large internal fields which overrides the materials’ 

ability to be influenced by an external applied electric field and suppresses the nonlinear 

ferroelectric response at high applied electric fields. 

Differences in the dielectric response of 2.035 µm vs. 0.76 µm thick SiO2 devices 

can be detected at low applied AC electric fields (below 0.5*Ec). The irreversible domain 

wall motion contributions to the dielectric permittivity, 𝛼𝜀, were measured for (a) clamped, 

(b) cantilever and (c) fixed-fixed beam devices of varied SiO2 thicknesses, as shown in 

Figure 4-11. For clamped films, 𝛼𝜀 is independent of SiO2 thickness, regardless of 

frequency. However, upon release (and the associated process damage), 𝛼𝜀 decreases by 
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~70% for both the cantilever and fixed-fixed beams. This decrease is consistent with the 

imprint and pinching observed in the hysteresis loops. Damage induced during fabrication 

suppresses the irreversible domain wall motion contributions in the cantilever and fixed-

fixed beams. Additionally, for a cantilever and fixed-fixed beam, 𝛼𝜀 depends on SiO2 

thickness. The thicker device with a 2.035 µm SiO2 layer has a greater irreversible domain 

wall motion contribution, regardless of frequency. It is not clear if this is a consequence of 

the difference in elastic layer thickness, or whether it arises in response to run-to-run 

process variability in the degree of internal fields developed in the PZT films.  In principle, 

the bending or buckling of the devices may lead to mechanical clamping of irreversible 

domain wall contributions, lowering 𝛼𝜀. For example, the downward bending of the 

cantilever with a 0.76 µm SiO2 layer would place the PZT layer under further tension, 

reducing the irreversible domain wall contribution to the dielectric response. Likewise, the 

PZT (which is within the electroded region) of the fixed-fixed beams with a 0.76 µm SiO2 

layer also deflects downward and is put under further tension, reducing irreversible domain 

wall contributions resulting in a lower 𝛼𝜀. However, in the cantilever and fixed-fixed 

beams with a 2.035 µm SiO2 layer, the device deflects upward. Therefore, the residual in-

plane tensile stress in the PZT is partially alleviated, since it is located above the neutral 

axis, which should result in a higher 𝛼𝜀. 
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The intrinsic and reversible domain wall motion contributions to the dielectric 

permittivity, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙, were measured for (d) clamped, (e) cantilever and (f) fixed-fixed 

beam devices of varied SiO2 thicknesses, as shown in Figure 4-11. In the clamped state, the 

PZT films have comparable 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 at low frequencies (100 Hz) with increasing deviation 

at higher frequencies (4 kHz). Upon release, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 increases for both the cantilever and 

fixed-fixed beam device, regardless of SiO2 thickness. The increase in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 coupled with 

the decrease in 𝛼𝜀 may suggest that there is a shift of some of the domain walls from 

irreversible to reversible domain wall motion upon release.[83] The cantilevers and fixed-

fixed beams with a 2.035 µm thick SiO2 elastic layer has a greater 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙, regardless of 

 

Figure 4-11: Frequency dispersion of the Rayleigh parameter αε of a (a) clamped PZT 30/70 thin film, (b) 

cantilever and (c) fixed-fixed beam for a device with a 2.035 µm thick SiO2 elastic layer and a 0.76 µm thick 

SiO2 elastic layer. Also included is the frequency dispersion of the Rayleigh parameter εinitial of a (d) clamped 

PZT 30/70 thin film, (e) cantilever and (f) fixed-fixed beam for a device with a 2.035 µm thick SiO2 elastic 

layer and a 0.76 µm thick SiO2 elastic layer. 
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frequency. The lower 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 seen for PZT on 0.76 µm thick SiO2 may be related to the 

downward bending of the cantilever and electroded region of the fixed-fixed beam, which 

places the PZT layer further in tension and could reduce reversible domain wall motion 

contributions. The 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 for a cantilever is larger than that of a fixed-fixed beam for a 

fixed SiO2 thickness. Suppressed 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 for the fixed-fixed beam compared to a cantilever 

is presumably related to the in-plane stresses associated with the buckling. 

If a greater volume fraction of c-domains existed in the PZT film on a 0.76 µm SiO2 

layer, the 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 would be lower, as seen in Figure 4-11 (e) and (f). However, the 

motivation for such a domain state is unclear. Since the cantilever with a 0.67 µm SiO2 

layer deflects in the negative z-direction, an a-domain state would be favorable in the PZT 

layer which is under further in-plane tension due to the deflection. Therefore, an 

intrinsically driven dependence of 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 on SiO2 thickness is unlikely.  

4.6 Conclusions 

Cantilever tip deflections were modeled using Finite Element Analysis (via 

COMSOL Multiphysics® software) in order to determine the overall residual stresses of 

the device stack (IrO2/PZT/PbTiO3/Pt/TiO2/SiO2). These models were compared with 

optical profilometry measurements of the tip displacement. Thicker cantilevers with a 

2.035 µm SiO2 layer exhibited a positive tip displacement of +18.3 µm, whereas thinner 

cantilevers with a 0.76 µm SiO2 layer exhibited a negative tip displacement of -26.0 µm. 

A linear relationship between the cantilever tip displacement and residual stress ratio of 

PZT to SiO2 was derived. The differences in magnitude of the tip displacement were 

attributed to the differences in rigidity of the device stack with SiO2 thickness. The 
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differences in the bending of the cantilevers were attributed to competing influences of the 

integrated stress of the IrO2 top electrode located above the neutral axis, and the SiO2 elastic 

layer located below the neutral axis. To model a self-consistent combination of residual 

stress of PZT and SiO2 for each device, the IrO2 residual stress will need to vary by ±10%, 

based on the COMSOL simulations.  

The vertical deflection of fixed-fixed beams was also measured using optical 

profilometry for bridges with an IrO2/PZT/PbTiO3/Pt/TiO2/SiO2 device stack near the 

anchor points and SiO2 in the center. A third buckling mode shape was observed for the 

0.76 µm SiO2 device compared to the 2.035 µm SiO2 device which exhibited a first 

buckling mode shape. The complex, third order buckling is believed to be induced during 

processing by prematurely releasing the SiO2 layer near the center of the fixed-fixed beams.  

During the release process, microfabrication-induced defects created internal 

electric fields that suppressed the nonlinear ferroelectric response at high applied electric 

fields and resulted in pinching of the P-E hysteresis loops. The devices with a thinner SiO2 

layer exhibited downward bending of the electroded regions of the device, placing the PZT 

layer under further in-plane tension and suppressing the irreversible and reversible domain 

wall motion contributions to the relative permittivity. Released films, in the form of 

cantilevers and fixed-fixed beams, showed increased reversible Rayleigh coefficients but 

decreased irreversible Rayleigh coefficients, relative to the clamped films, suggesting that 

there was a transition of at least some of the domain walls from irreversible to reversible 

motion upon release.  
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Chapter: 5 Conclusions 

The primary objective of this work was to investigate the underlying mechanisms 

that contribute to thickness scaling of ferroelectric thin films. Rayleigh analysis in 

combination with in situ XRD was used to identify substrate clamping and residual stress 

as two main factors that contribute to the thickness-dependent extrinsic contributions to the 

relative permittivity. Additionally, a low dielectric permittivity seed layer, acting as a 

capacitor in series with the film, contributed to the property degradation and thickness-

dependence of the irreversible and reversible contributions to the relative permittivity. 

XRD confirmed that the PZT films were under in-plane tensile stress which varied 

with film thickness and developed during processing. The thinnest 0.27 µm PZT film was 

under the greatest in-plane tension resulting in the smallest out-of-plane d-spacings (d002 

and d200). Variations in residual stresses with film thickness also promoted thickness-

dependent variations in the domain state. 𝜈002 increased with increasing film thickness due 

to a reduction of the in-plane tensile stresses. This induced a thickness dependence in the 

intrinsic contributions to the relative permittivity. The reversible Rayleigh coefficient 

(𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙) decreased as film thickness increased for films >0.38 µm thick. 

The full width half maximum of the a-domains also increased with thickness. Based 

on Williamson Hall analysis, the thickness dependence in the FHWM of the 200 reflections 

is a result of the thickness dependence in both the crystallite size and the microstrain. The 

thinnest 0.27 µm thick PZT film had the smallest crystallite size while maintaining grain 

sizes comparable to films of greater thicknesses. Therefore, the thinner films had the 

greatest domain wall density which enhanced the irreversible (𝛼𝜀) and reversible (𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙) 
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domain wall motion contributions to the relative permittivity. The thickness-dependence 

in microstrain may be correlated with the thickness dependence in the domain distributions, 

with a more varied domain distribution (greater 𝜈002) resulting in greater microstrain at the 

90° domain wall boundaries. A thickness dependence in point defect concentration can also 

influence microstrain. 

The in-plane residual stress was reduced by bending of released structures. After 

releasing the films from the substrate and annealing at high temperatures, the d-spacings 

increased for all film thicknesses, with a greater increase observed for the thinnest 0.27 µm 

thick PZT film that was under the largest in-plane tensile stress. Additionally, a 

redistribution of the domain state occurred such that 𝜈002 converged for all film 

thicknesses. Therefore, the thickness dependence that exists for the reversible Rayleigh 

coefficient (𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙) is not intrinsically driven. Rather, 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 decreases as film thicknesses 

increases presumably due to a decrease in the domain wall density associated with larger 

crystallite sizes. 

In general, substrate clamping affects both the irreversible and reversible domain 

wall motion contributions to the relative permittivity. The irreversible Rayleigh coefficient 

(𝛼𝜀) increases when the films are released from the substrate, whereas the reversible 

Rayleigh coefficient (𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙) decreases. The observed decrease in  𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 upon release 

may suggest that there is a shift of at least some of the domain walls from reversible motion 

in a clamped film to irreversible motion in a released film. Therefore, the potential energy 

landscape of a clamped film may have deeper potential energy wells, favoring reversible 

motion of domain walls; and a released state may favor more shallow potential energy 
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wells in which irreversible domain wall motion has a higher contribution to the extrinsic 

response. Additionally, upon release, there is either an increase in the mobility of the 

existing domain walls active at lower frequencies or an increase in the density of the slower 

moving domain walls. The increase in irreversible domain wall motion contributions result 

in enhanced nonlinearity of the P-E loops, with increased Pr and Pmax upon release. 

Upon application of electric field, irreversible changes to 𝜈002, d-spacings and 

FWHM occur. Therefore, an electric field induced irreversible change in the overall 

domain state of the film, in which a-domains reorient parallel to the electric field direction 

and the c-domains coarsen. Ferroelastic, 90° domain reorientation is enhanced in films that 

are globally released due to the tearing of the diaphragms at applied fields >1.5*Ec. The 

𝜈002 determined from XRD was used to calculate the intrinsic contributions to the 

reversible Rayleigh coefficient (𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙) in order to distinguish the reversible extrinsic 

contributions to the relative permittivity. The thickness-dependence in the reversible, 

extrinsic contributions persists even after poling and upon release, presumably due to 

variations in the domain wall density or mobility with film thickness. The thickness 

dependence in the intrinsic contributions also persists after poling but is alleviated upon 

release, consistent with the convergence of 𝜈002 upon release for all films. The overall 

response to the relative permittivity is dominated by the reversible, extrinsic contributions 

which is indirectly affected by residual stress. By combining XRD and Rayleigh analysis, 

the linear deconstruction of the relative permittivity into its intrinsic, reversible extrinsic 

contributions and irreversible extrinsic contributions was achieved. 
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The influence of residual stress on the deflection of PiezoMEMS devices such as 

cantilevers and fixed-fixed beams were also investigated. For a cantilever with a device 

stack of IrO2/PZT/PbTiO3/Pt/TiO2/SiO2, a positive vertical tip displacement of +18.3 µm 

was achieved for a device with a 2.035 µm SiO2 layer; whereas, a negative tip displacement 

of -26.0 µm was achieved for a device with a thinner 0.76 µm SiO2 layer. The device with 

a thinner SiO2 layer achieved a greater overall tip displacement in the negative vertical 

direction due to its reduced device rigidity. However, the thickness of the SiO2 layer and 

its position with respect to the neutral axis dictated whether the device deflected up or 

down. The stress times thickness (𝜎𝑖 ∗ 𝑡𝑖) of the IrO2 top electrode, located above the 

neutral axis, competed with that of the SiO2 elastic layer, located below the neutral axis. 

The downward bending of the device with a thinner SiO2 layer places the PZT layer under 

further in-plane tension. As a result, the irreversible (𝛼𝜀) and reversible (𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙) Rayleigh 

coefficients are suppressed for the thinner SiO2 device. 

COMSOL FEA modeling was used to determine the overall residual stresses of the 

device stack. The models were compared with optical profilometry measurements of the 

cantilever tip displacement. To appropriately model the tip displacements of each device, 

the IrO2 residual stress was varied by ±10% while maintaining a self-consistent 

combination of residual stress of PZT and SiO2 for each device. Additionally, a linear 

relationship between the cantilever tip displacement and residual stress ratio of PZT to SiO2 

was derived. 

Buckling was observed for fixed-fixed beams with a device stack of 

IrO2/PZT/PbTiO3/Pt/TiO2/SiO2 present near the beam anchor points and SiO2 only in the 

center. The device with a thinner SiO2 layer exhibited a third buckling mode shape which 
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is believed to be a consequence or inhomogeneous release of the central SiO2 regions 

during the XeF2 etch. As a result, the central SiO2 regions deflected upward, whereas the 

electroded regions deflected downward, resulting in the complex third order buckling. In 

general, the release process and extensive microfabrication induced defects in the PZT film 

that suppressed the nonlinear-ferroelectric response. This resulted in both pinching of the 

P-E loops at high AC electric fields and reduced reversible (𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙) and irreversible (𝛼𝜀) 

Rayleigh coefficients at low AC electric fields. Therefore, although releasing the film from 

the substrate can improve the dielectric and piezoelectric properties, the release process 

may induce defects in the piezoelectric layer that may compromise device performance. 
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Chapter: 6 Future Work 

6.1 Depth Profiling using X-ray Diffraction 

Many factors have been identified in this work as thickness-dependent, including 

in-plane tensile stress, d-spacings, volume fraction of c-domains, full width at half 

maximum of the 200 reflection, crystallite size, microstrain, domain wall density, etc. The 

observed thickness dependence develops during CSD processing and contributes to the 

overall scaling effects in clamped PZT thin films fabricated on Si substrates. However, the 

variation of these factors as a function of film depth should be better quantified.  

It is difficult to depth profile the structure of multilayered films using a 

nondestructive characterization technique that maintains a constant penetration 

volume.[138] Cross-sectional techniques such as transmission electron microscopy (TEM) 

can maintain a constant penetration volume during depth profile analysis. However, the 

fabrication of film cross-sections is a destructive process that often involves ion milling 

which can induce residual strains and alter the structure at the milled surface.[139]. 

Additionally, removing portions of the film from the substrate to create a cross-section can 

alleviate residual in-plane stresses (or stress gradients) that may have existed in the 

clamped state. Therefore, it is preferable to investigate non-destructive methods for depth 

profiling. 

6.1.1 Glancing-incidence X-ray Diffraction 

XRD techniques such as grazing-incidence diffraction (GID) [140][141], also 

known as glancing-angle XRD or glancing-incidence XRD [142]) allow for non-

destructive depth profiling of the film structure (thickness, phase, etc.) and microstructure 



108 

 

(strain field, defects, preferred orientation, d-spacing, crystallite size, etc.) by varying the 

incidence angle of the X-ray beam. However, with these techniques, it is not possible to 

maintain a constant penetration volume during depth profiling.  

As the incidence angle increases, the penetration depth of the X-rays increases such 

that the measured d-spacing is the average response of a greater irradiated volume. 

Equation 6-1 relates the incidence angle (θ) to the X-ray penetration depth (z) and the 

distance (t) that the transmitted beam passes through the medium for a given beam intensity 

(
𝐼

𝐼0
∗ 100%).  

 sin 𝜃 =
𝑧

𝑡
 6-1 

The beam intensity can be calculated using Equation 6-2, where 
𝜇

𝜌
 is the mass 

absorption coefficient, 𝜌 is the density, 𝐼0 is the incident intensity of the X-ray beam, and 

I is the transmitted intensity of the X-ray beam. 

 
𝐼

𝐼0
= 𝑒

−(
𝜇

𝜌
)𝜌𝑡

 
6-2 

Using Equations 6-1 and 6-2, the intensity of X-rays that penetrate the film-substrate 

interface for a given film thickness and incidence angle can be calculated. For GID of a 0.5 

µm thick PZT 30/70 film in which the incidence angle varies between 0.1° (near the critical 

angle) and ~1.3°, depth profiling can be conducted since the X-rays penetrate the entire 

sample thickness  (with a 5% intensity at the film-substrate interface).[143] 

GID with an incidence angle corresponding to a penetration depth that exceeds the 

film thickness are qualitative depth profiling techniques that compare average parameters 

at the film surface vs. the bulk of the film.[140] For example, Araujo et al. attempted to 
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measure depth-dependent changes in microstrain and crystallite size of a 0.71 µm thick 

PZT 50/50 film using GID.[31][97] However, large error bars are reported for incidence 

angles between 3° and 6°, suggesting that statistically insignificant changes in microstrain, 

crystallite size and tetragonality factor c/a. The large error may be related to a convoluted 

response when using large incidence angles. The X-ray penetration depth was equivalent 

to or greater than the film thickness even at the smallest incidence angle used in the study 

(2°).[31] Therefore, the data collected at the smallest incidence angle (2°) is an average 

response of the entire film that is weighted with a greater X-ray intensity at the film surface 

compared to the film-substrate interface (~5% intensity at interface) of the 0.71 µm thick 

PZT 50/50 film used in the study. In contrast, Pietsch et al. limited the incidence angle to 

≤ 0.8° while investigating the progressive state of relaxation of strained superlattice layers 

of Ga1-xInxAs/GaAs and showed statistically significant changes in in-plane lattice 

mismatch with incident angle.[140] Kelman et al. reported a coexistence of tetragonal and 

rhombohedral phases in polycrystalline PZT 35/65 thin films.[143] The variation in the 

volume fraction of the rhombohedral phase was successfully quantified using GID when 

varying the incidence angle between 1° and 0.2°, as shown in Figure 6-1. 
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The 𝑠𝑖𝑛2𝜓 method can be used to deconvolute in-plane (𝜀∥) and out-of-plane strain 

(𝜀⊥) response measured during GID, using Equation 6-3, in which ψ is the angle between 

the surface normal and diffraction vector at a given angle of incidence.[144] 

 𝜀𝜓 = 𝜀∥𝑠𝑖𝑛2𝜓 + 𝜀⊥𝑐𝑜𝑠2𝜓  6-3 

This equation is derived from the measured strained lattice reflections using X-ray 

diffraction and the elastic response of material (generalized Hooke’s Law).[145] Based on 

the diffraction geometry, a set of lattice spacings (𝑑𝜓
ℎ𝑘𝑙) are identified for measured angles 

(𝜃𝜓
ℎ𝑘𝑙) at various tilt angles (ψ) using Bragg’s law. It is assumed that the films are 

sufficiently textured such that strain can be measured by varying the tilt angles (ψ) 

exclusively.[138] This equation is simplified, based on the assumption that the in-plane 

 

Figure 6-1: Grazing incidence XRD patterns of polycrystalline PZT 35/65 thin films. The evolution of the 

phase coexistence of tetragonal and rhombohedral phases as a function of incidence angle (i.e. film depth) is 

shown. This figure was taken from M. B. Kelman et al.[143] 
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strain is a result of equal biaxial stress (i.e. 𝜎11 = 𝜎22 = 𝜎∥). A linear relationship can be 

made between the measured strain (𝜀𝜓) and 𝑠𝑖𝑛2𝜓, in which the slope is the in-plane strain 

(𝜀∥). 

6.1.2 X-ray Nanodiffraction 

By reducing the waist of the X-ray beam down to 50 nm or less, the spatial 

resolution for XRD depth profiling of microstructure (including texture and crystallite size) 

and residual stress gradients can be improved.[138] Synchrotron radiation facilities such 

as The Advanced Photon Source (APS) beamline 2-ID-D[89], the sector 26 Hard X-ray 

Nanoprobe (HXN)[146], the European Synchrotron Radiation Facility (ESRF) beamlines 

ID01[147], ID11[148] and ID13[149][150][151][152], or the Petra III beamline P03[153] 

and P07[154] uses Fresnel zone plates, parabolic refractive X-ray lenses, and multilayer 

Laue lenses to focus an X-ray beam to a spot size ranging from 25 nm to 250 nm. With a 

monochromatic, high energy (>40 keV) X-ray beam, penetration through the entire sample 

width (in the direction of X-ray beam propagation) is possible in transmission mode for 

samples of width < 400 µm (in the direction of the y-axis as indicated in Figure 6-2 

(a)).[148] In transmission mode, residual stress depth profiling can be accomplished by 

fixing the incident beam perpendicular to the normal vector of the film surface while 

vertically scanning the cross-section of the film with a step size that is greater than the X-

ray nanobeam height, as shown in Figure 6-2 (a). A charge coupled device (CCD) area 

detector is positioned at a distance from the sample such that a Debye-Scherrer diffraction 

frame of {002} PZT reflections are acquired. 
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In reflectance mode, however, the high energy synchrotron radiation will result in 

X-ray penetration occurs at an angle (dictated by the incident angle). Therefore, the X-rays 

will penetrate through the depth (along the z-axis) of the sample, even at small incident 

angles (< 1°). To prevent X-ray penetration through multiple crystallization layers in a film, 

an alternative sample set up is proposed for depth profiling in reflection mode using high 

energy, synchrotron X-rays, as shown in Figure 6-2 (b). If the sample is rotated 90° about 

the X-ray propagation axis, then the X-ray penetration would be within the plane of the 

film, i.e. within a crystallized layer. With this sample orientation and diffraction set up, 

residual stress depth profiling can be accomplished in reflectance mode with a 1° incident 

angle while laterally scanning the cross section of the film.  

The sample dimensions needed for X-ray nanodiffraction can be fabricated using 

focused ion beam or reactive ion etched pillars. Using nanodiffraction, Keech et al. was 

 

Figure 6-2: Schematics comparing techniques for using nanoprobe X-ray diffraction in (a) transmission 

mode and (b) grazing incidence angle reflectance mode in order to achieve depth profiling of strain and 

domain distributions in a multilayered ferroelectric thin film.  
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able to investigate clamping effects by scanning laterally across pillars while applying 

electric fields in situ. This study confirmed that patterning relieves local stresses imposed 

by the substrate in regions ~1 µm from the edges of the pillars, resulting in increased out-

of-plane lattice parameters near the free sidewalls and an enhanced intrinsic piezoelectric 

coefficient.[89] Therefore, it necessary to probe stress gradients as a function of film depth 

in central, clamped regions of pillars >2.05 µm in width to avoid the influence of edge 

effects (assuming an X-ray width of 50 nm). 

6.1.3 In Situ X-ray Microscopy 

If a residual stress gradient exists along the film thickness, then high stressed 

regions will have suppressed ferroelastic properties which could limit thin film device 

performance. It is critical to understand and model the impact of stress gradients, grains 

boundaries and other interfaces on the dynamics of domain wall motion. X-ray 

nanodiffraction, mentioned in the previous section, can be used in situ while applying 

electric fields to measure 90° domain wall reorientation at different depths in the film.[148] 

However, this technique is limited in terms of the structural length scales investigated and 

is unable to probe real-time domain wall motion. In contrast, Dark-field X-ray Diffraction 

Microscopy (DF-XRM) is a full-field imaging technique that shows promise for 

nondestructive, three-dimensional (3D) multi-scale mapping of structure, orientation and 

strain of crystallites and grains within millimeter-sized samples.[155][156][157] 

DF-XRM uses an X-ray objective lens to magnify diffracted X-rays from the 

sample onto a 2D area detector by up to 50x magnification, as shown in Figure 6-3.[157] 

Additionally, the objective acts as a collimator and filters diffraction signals from other 

grains/domains, deconvoluting the response. DF-XRM is available at the ESRF beamline 
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ID06 with X-ray energies ranging from 15-35 keV, spatial resolution of ~ 100nm, field of 

view of 100 µm, strain resolution >10-4, angular resolution of 0.001° and exposure times 

on the order of 1 sec. With this accuracy, DF-XRM can perform spatial mapping of lattice 

symmetry and strain across individual domain walls or features >0.2 µm within a bulk or 

thin film ferroelectric. 

Although DF-XRM is a promising technique for spatially investigating residual 

stress gradients and variable domain distributions, the speed and the spatial resolution need 

to be improved to characterize domain wall dynamics in a ferroelectric thin film. The use 

of the multilayer Laue lens as the magnification objective will improve the spatial 

resolution down to 25 nm and magnification by four-fold.[158] Additionally, it is proposed 

that diffraction-limited synchrotron storage rings will boost imaging rate by a factor of 

100x-1000x. By improving imaging rate and spatial resolution, real-time DF-XRM of the 

 

Figure 6-3: A diagram of the experimental set up for multi-scale 3D imaging of strain and structure using 

dark-field X-ray microscopy. Figure taken from H. Simons et al.[157] 
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electric-field induced movement of a single domain wall and the correlated motion of 

domain walls within a crystallite is obtainable. 

6.2 Application of Relative Permittivity Deconstruction 

6.2.1 Assessing the Possibility of a Critical Film Thickness 

In Chapter 3 of this thesis, the intermediate film thickness of 0.38 µm often 

exhibited superior values for Rayleigh coefficients 𝛼𝜀 and 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙, presumably due to its 

relatively high domain wall density compared to thicker films and lower defect density 

compared to thinner films in the study. It is of interest to determine whether a critical 

thickness exists between 0.27 µm and 0.56 µm in which superior dielectric and piezoelectric 

properties are achievable, or whether this observation was simply a consequence of reduced 

defect concentrations induced during processing of this particular film. X-ray diffraction 

and Rayleigh analysis can be used to deconstruct the contributions to the relative 

permittivity as a function of film thickness. The film thicknesses can be controlled by 

varying the number of crystallized layers during CSD. Assuming each layer is ~60 nm thick 

if spun at 3000 rpm, the number of crystallized layers can be varied from 3 to 7 layers (not 

including the seed layer) to achieve film thicknesses ranging from 0.27 µm 0.5 µm. Within 

this thickness range, 5 samples of varying thicknesses can be produced by incrementally 

increasing the number of crystallized layers by one for each subsequent film. 

As film thickness decreases, the defect density will increase since the interfacial 

regions with high concentrations of lead vacancies will make up a greater overall volume 

fraction of the film. High defect densities will suppress the extrinsic response to the relative 

permittivity in thinner films. However, as film thickness decreases, domain wall density is 
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observed to increase which will enhance the extrinsic response to the relative permittivity. 

Therefore, within the suggested film thickness range, a compromise will be made between 

the domain wall density and the defect density to achieve enhanced extrinsic contributions 

to the relative permittivity. It would also be interesting to anneal the resulting films in a 

PbO-rich atmosphere in order to alter the concentration of Pb-based defects through the 

film thickness.  This could be done using a furnace described by Marincel et al.[159] 

6.2.2 Permittivity Deconstruction for Various Compositions 

The deconstruction of the relative permittivity into its constituent components is a 

powerful technique that can be used to quantify changes in the intrinsic and extrinsic 

contributions as a function of Zr/Ti ratio in the PZT system. This would allow the relative 

roles of phase, tilt structure, and phase coexistence to be investigated.  For example, it has 

been reported in ceramics that both the intrinsic and extrinsic contributions to the properties 

peak at the morphotropic phase boundary (MPB).  At the MPB, the intrinsic polarizabilities 

rise, as described by Haun et al.[25] The phase coexistence at the MPB also influences the 

extrinsic contributions by creating a flattened potential energy landscape that lowers the 

energy penalty associated with making domain walls (so that domain wall densities 

rise).[160] However, due to the multiphase coexistence in films at the MPB, the reflections 

in XRD patterns are often broad and convoluted, making peak fitting difficult. Therefore, 

it is suggested that the composition be limited to the tetragonal region of the phase diagram 

that approach the MPB while still have distinct splitting of the 002/200 peaks. 
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6.3 TEM Analysis of Domain Structure 

In order to confirm the model of the domain structure developed in Chapter 3 of this 

thesis, transmission electron microscopy (TEM) measurements are proposed. TEM images 

of the domain structure can be compared as a function of film thickness. It is expected that 

the domain wall density increases (i.e. crystallite size decreases) as film thickness 

decreases; whereas the volume fraction of c-domains decreases as film thickness decreases. 

Additionally, Rayleigh analysis in combination with XRD was used to determine the 

mechanism that caused the thickness dependent change in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 upon poling. It is 

proposed that the greater change in 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 upon poling for thicker films is due to a greater 

coarsening of c-domains and enhanced reversible 180° domain reorientation. This 

hypothesis can be confirmed using TEM by comparing the observed domain state before 

and after poling for each film thickness in this study. Since the domain structure on the 

surface of PZT samples can be altered by mechanical grinding, TEM samples should be 

prepared via dual beam FIB/SEM to avoid domain reorientation during TEM sample 

preparation.  

6.4 Detecting Dead-layers using Curie-Weiss Behavior 

This work identified the presence of a low-dielectric seed layer that acted in series 

with the film to lower the overall measured capacitance and dielectric properties. However, 

it is important to investigate whether the low dielectric response of the seed layer was in 

actuality due to the presence of interfacial regions with high defect concentrations. The 

relative permittivity reported for the films in this study is significantly lower than that 

reported for bulk PZT ceramics of comparable composition. This is, in part, due to the 
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presence of low dielectric interfacial layers or “dead-layers”. These dead-layers are 

believed to form at the film-electrode interfaces and have a high concentration of point 

defects (i.e. lead vacancies) due to lead volatility during crystallization or lead loss to the 

underlying electrode. As the concentration of defects increases (i.e. as film thickness 

decreases), the maximum in the relative permittivity at Tc drops and the distribution 

broadens. By measuring the Curie Weiss behavior above Tc, it should be possible to 

eliminate convolution of the domain state from the defect concentrations. The Curie-Weiss 

relationship describes the change in the relative permittivity at temperatures when the films 

is in the paraelectric phase, shown in Equation 6-4.   

 𝜀𝑒𝑓𝑓~
𝐶

𝑇−𝜃
  6-4 

In this equation, C is the Curie constant, and θ is the Curie-Weiss temperature. It has 

been shown that C and θ decrease as the concentration of low-dielectric grain boundaries 

increases (i.e. as grain size decreases).[161] Therefore, it is expected that these parameters 

will also vary with film thickness, since it is expected that defect concentration increases 

as film thickness decreases. This has been observed by Park et al. who investigated the 

film thickness dependent Curie-Weiss behavior of (Ba,Sr)TiO3 thin films.[162] Based on 

the relationship between C vs. film thickness and θ vs. film thickness, the effective relative 

permittivity of a dead-layer can be extrapolated.  
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 Appendix 

Matlab Codes for Data Processing 

A.1. Capacitor in Series Seed Layer Correction 

function [Out] = RayleighSeedCorrection(x,y,freq,t,afilm,aseed,minpts,maxpts,maxi) 
%x is the file name for the sample of interest that needs correction 
%y is the file name for the seed sample 
%afilm is the surface area of the electrode on the film 
%aseed is the surface area of the electrode on the seed which may be different 
f1=find(x.swp.FREQUENCY_set==freq); 
f2=find(y.swp.FREQUENCY_set==freq); 
M1=[x.swp.AC_set,x.meas.CD0.real(:,1:3,f1)]; 
M2=[y.swp.AC_set,y.meas.CD0.real(:,1:3,f2)]; 
  
%convert numerical array to dataset array stored in matlab 
Out.film = mat2dataset(M1); 
film = Out.film; 
Out.seed = mat2dataset(M2); 
seed = Out.seed; 
  
%Calculate dielectric constants 'totalk' meaning the dielectric (k) of the film before the 

correction  
%Calculate dielectroc constant 'seedk' meaning the dielectric (k) of the seed layer  
for i=1:30; 
    totalk(i,1)=(film{i,2}*(t*10^-6))/(8.854e-12*(afilm*10^-4)); 
    totalk(i,2)=(film{i,3}*(t*10^-6))/(8.854e-12*(afilm*10^-4)); 
    totalk(i,3)=(film{i,4}*(t*10^-6))/(8.854e-12*(afilm*10^-4)); 
end 
Out.totalk=totalk; 
%Calculate dielectric constants 'totalk' meaning the dielectric (k) of the film before the 

correction  
%Calculate dielectroc constant 'seedk' meaning the dielectric (k) of the seed layer  
for i=1:30; 
    seedk(i,1)=(seed{i,2}*(0.057*10^-6))/(8.854e-12*(aseed*10^-4)); 
    seedk(i,2)=(seed{i,3}*(0.057*10^-6))/(8.854e-12*(aseed*10^-4)); 
    seedk(i,3)=(seed{i,4}*(0.057*10^-6))/(8.854e-12*(aseed*10^-4)); 
end 
Out.seedk=seedk; 
% correct the dielectric constant of the film using capacitor in series model 
% the two capacitors in series are the seed layer (1% Mn doped) and the rest of the 

film(2% Nb doped) 
% new film represents the new matrix that has the corrected capacitance of the film 
for i=1:30; 
    newfilm(i,1)=film{i,1}*10/t; %applied field on film (not seed) 
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    newfilm(i,2)=(t-0.06)*totalk(i,1)*seedk(i,1)/((t*seedk(i,1))-(0.06*totalk(i,1))); 
    newfilm(i,3)=(t-0.06)*totalk(i,2)*seedk(i,2)/((t*seedk(i,2))-(0.06*totalk(i,2))); 
    newfilm(i,4)=(t-0.06)*totalk(i,3)*seedk(i,3)/((t*seedk(i,3))-(0.06*totalk(i,3))); 
end 
Out.newfilm = newfilm; 

  
%Create variables 
E = newfilm(:,1); 
newk1 = newfilm(:,2); 
newk2 = newfilm(:,3); 
newk3 = newfilm(:,4); 
newk23 = (newk2+newk3)/2; 
  
%Input sample parameters 
%t = input('How thick is your sample (microns):'); 
%a = input('How big is your contact (cm^2):'); 
%mini = input('What point do you wish to start at:'); 
  
%Find number of data points 
n=numel(newk2); 

  
%Create variable placeholders that will be worse than first fit 
bestslopediff=1000; 
bestslope=1; 
bestrsq=0; 
X=[E,ones(size(E))]; 

  
%Start fit from specified to point 12. 
for i=1:maxi, 

     
    %End fit from point 15 to the last data point. 
    for j=round(maxi/2):n, 
         
        %While minimum number of points is true. 
        if abs(j-i)>=minpts && j>i && abs(j-i)<=maxpts 
             
            %Calculate fit from i:j for run 2 
            [b2,b2int,r2,r2int,stats2]=regress(newk2(i:j),X(i:j,:)); 
            %Calculate fit from i:j for run 3 
            [b3,b3int,r3,r3int,stats3]=regress(newk3(i:j),X(i:j,:)); 

             
            %See if average R^2 is better than existing average R^2 
            if  bestrsq < (stats3(1)+stats2(1))/2 

                 
                %Check if difference in slope over average slope is smaller than 
                %the existing best difference 
                %if (bestslopediff/bestslope) > ((abs(p3(1)-p2(1)))/((p3(1)+p2(1))/2)), 
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                %Apply values to new best 
                bestslopediff=abs(b2(1)-b3(1)); 
                besti=i; 
                bestj=j; 
                bestslope=(b3(1)+b2(1))/2; 
                bestrsq=(stats2(1)+stats3(1))/2; 
                bestint=(b3(2)+b2(2))/2; 
                bestconf=(b3int+b2int)/2; 
                %end 
                 
            end 
        end 
    end 

     
end 
bestconfinterval=(bestconf(:,2)-bestconf(:,1))/2; 
  
%Write out the values 
disp(['Best i: ' num2str(besti)]) 
disp(['Best j: ' num2str(bestj)]) 
disp(['Best average slope (cm/kV): ' num2str(bestslope)]) 
disp(['Best average intercept: ' num2str(bestint)]) 
disp(['Best average R^2: ' num2str(bestrsq)]) 
disp(['Best confidence interval (95%): ']) 
bestconfinterval 
%Recalculate fits for run 2 and 3 using best i and j values 
p2=polyfit(E(besti:bestj),newk2(besti:bestj),1); 
p3=polyfit(E(besti:bestj),newk3(besti:bestj),1); 
  
%Average the two slopes and intercepts 
plotp=(p2+p3)/2; 

  
%Clear Plot 
clf 
%Plot data 
plot(E,newk2,'.',E,newk3,'.'), 
hold on; 
%Plot best fit line 
plot(E,polyval(plotp,linspace(E(1),E(n),n)),'-') 
hold on; 
%Plot bounds of best fit line 
plot(E(besti),newk2(besti),'rs',E(bestj),newk2(bestj),'rs','MarkerSize',15) 
%Labels 
legend('Run 2','Run 3','Best fit','Fit Bounds') 
xlabel('Electric Field (kV/cm)'), ylabel('Dielectric Constant') 
title('Rayleigh data fitting') 
  
end 
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A.2. Rayleigh Analysis for Large Frequency Sweeps  

function [Out] = Rayleigh(x,freq,t,a,minpts,maxpts,maxi) 
f=find(x.swp.FREQUENCY_set==freq); 
M=[x.swp.AC_set,x.meas.CD0.real(:,1:3,f)]; 
  
%Transpose matrix 
dim=size(M); 
if dim(1) < dim(2), 
    M=M.'; 
end 
  
%Create variables 
V = M(:,1); 
C1 = M(:,2); 
C2 = M(:,3); 
C3 = M(:,4); 
  
%Input sample parameters 
%t = input('How thick is your sample (microns):'); 
%a = input('How big is your contact (cm^2):'); 
%mini = input('What point do you wish to start at:'); 
  
%Calculate field and dielectric constants 
E=V*10/t; 
k1=(C1*(t*10^-6))/(8.854e-12*(a*10^-4)); 
k2=(C2*(t*10^-6))/(8.854e-12*(a*10^-4)); 
k3=(C3*(t*10^-6))/(8.854e-12*(a*10^-4)); 
k23=(k2+k3)/2; 
  
%Find number of data points 
n=numel(k2); 
  
%Create variable placeholders that will be worse than first fit 
bestslopediff=1000; 
bestslope=1; 
bestrsq=0; 
X=[E,ones(size(E))]; 
%Start fit from specified to point 12. 
for i=1:maxi, 
     
    %End fit from point 15 to the last data point. 
    for j=round(maxi/2):n, 

         
        %While minimum number of points is true. 
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        if abs(j-i)>=minpts && j>i && abs(j-i)<=maxpts 
             
            %Calculate fit for run 2 
            [b2,b2int,r2,r2int,stats2]=regress(k2(i:j),X(i:j,:)); 
            %Calculate fit for run 3 
            [b3,b3int,r3,r3int,stats3]=regress(k3(i:j),X(i:j,:)); 

             
            %See if average R^2 is better than existing average R^2 
            if  bestrsq < (stats3(1)+stats2(1))/2 

               
                %Apply values to new best 
                bestslopediff=abs(b2(1)-b3(1)); 
                besti=i; 
                bestj=j; 
                bestslope=(b3(1)+b2(1))/2; 
                bestrsq=(stats2(1)+stats3(1))/2; 
                bestint=(b3(2)+b2(2))/2; 
                bestconf=(b3int+b2int)/2; 
                %end 
                 
            end 
        end 
    end 

     
end 
bestconfinterval=(bestconf(:,2)-bestconf(:,1))/2; 
  
%Write out the values 
disp(['Best i: ' num2str(besti)]) 
disp(['Best j: ' num2str(bestj)]) 
disp(['Best average slope (cm/kV): ' num2str(bestslope)]) 
disp(['Best average intercept: ' num2str(bestint)]) 
disp(['Best average R^2: ' num2str(bestrsq)]) 
disp(['Best confidence interval (95%): ']) 
bestconfinterval 
%Recalculate fits for run 2 and 3 using best i and j values 
p2=polyfit(E(besti:bestj),k2(besti:bestj),1); 
p3=polyfit(E(besti:bestj),k3(besti:bestj),1); 

  
%Average the two slopes and intercepts 
plotp=(p2+p3)/2; 

  
%Clear Plot 
clf 
%Plot data 
plot(E,k2,'.',E,k3,'.'), 
hold on; 
%Plot best fit line 
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plot(E,polyval(plotp,linspace(E(1),E(n),n)),'-') 
hold on; 
%Plot bounds of best fit line 
plot(E(besti),k2(besti),'rs',E(bestj),k2(bestj),'rs','MarkerSize',15) 
%Labels 
legend('Run 2','Run 3','Best fit','Fit Bounds') 
xlabel('Electric Field (kV/cm)'), ylabel('Dielectric Constant') 
title('Rayleigh data fitting') 
  
Out=[E,k1,k2,k3,k23] 

A.3. File Conversion to Matlab Files from .diel 

function dat=diel2mat() 

% Get file path and names 

 [file_name,load_path]=uigetfile('*.diel','Load Gadd File','C:/path'); 

  load_name = file_name; 

    % Load .diel File 

    filename = [load_path load_name]; 

    fileID = fopen([load_path load_name]); 

    textt = fgetl(fileID); 

    dat.name = filename; 

    % Import Program (Sweeps and Measurements) 

     

    for i = 1:1:3 

        textt = fgetl(fileID); 

    end 

     

    i=1; 

    j=1; 

    n(1)=1; 

    dat.swp.none = [1]; 

    name{1}='none'; 

     

    while strcmp(textt,'*****') == 0 

        if strcmp(textt,'SWEEP') == 1 

            j = j+1; 

            textt = fgetl(fileID); 

            name{j} = strtok(textt, char(9)); 

            sweep_vals = str2num(fgetl(fileID)); 

            [u,v] = size(sweep_vals); 

            dat.swp.(name{j}) = reshape(sweep_vals,v,u); 

            n(j) = size(dat.swp.(name{j}),1); 

        elseif strcmp(textt,'ENDSWEEP') == 1 

            j = j-1; 

        else 

            names.tot(i) = {textt}; 

            i=i+1; 
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            [tok,remain] = strtok(textt); 

            dat.meas.(strtrim(remain)).type = tok; 

            if j>1 

                dat.meas.(strtrim(remain)).size = flipdim(n(2:j),2); 

                dat.meas.(strtrim(remain)).swp = flipdim(name(2:j),2); 

            else 

                dat.meas.(strtrim(remain)).size = n(1:j); 

                dat.meas.(strtrim(remain)).swp = name(1:j); 

            end 

            val.(strtrim(remain)) = []; 

        end 

         

        textt = fgetl(fileID); 

    end 

     

    % Import Data 

     

    while strcmp(textt,'**********') == 0 

        textt = fgetl(fileID); 

    end 

     

    textt = fgetl(fileID); 

     

    while textt ~= -1 

        [~,remain] = strtok(textt); 

        val.(strtrim(remain)) = vertcat(val.(strtrim(remain)),str2num(fgetl(fileID))); 

        textt = fgetl(fileID); 

    end 

     

    fclose('all'); 

     

    % Sort Data 

     

    names.meas = fieldnames(dat.meas); 

    num_var = size(names.meas); 

     

    for i = 1:1:num_var 

        j = size(val.(names.meas{i}),1); 

        k = dat.meas.(names.meas{i}).size; 

        if numel(k) == 1 

            k = [k 1]; 

        end 

         

        if strcmp(dat.meas.(names.meas{i}).type,'REAL') == 1 

            if prod(k) == j 

                dat.meas.(names.meas{i}).real = reshape(val.(names.meas{i}),k); 

            else 

                dat.meas.(names.meas{i}).real = val.(names.meas{i}); 

            end 
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        else 

            if prod(k) == j 

                dat.meas.(names.meas{i}).real = reshape(val.(names.meas{i})(:,1),k); 

                dat.meas.(names.meas{i}).imag = reshape(val.(names.meas{i})(:,2),k); 

            else 

                dat.meas.(names.meas{i}).real = val.(names.meas{i})(:,1); 

                dat.meas.(names.meas{i}).imag = val.(names.meas{i})(:,2); 

            end 

        end 

    end 

     

    % Save Data Structure as .mat 

     

    save([filename '.mat'],'dat'); 

end 

 



 

VITA  

Lyndsey M. Denis 

Lyndsey Michele Denis was born on February 2nd, 1991 in Orlando, Florida to Francisco 

and Donna Denis. Lyndsey grew up in Altamonte Springs, Florida with her younger brother, 

Brandon Denis. Starting in 2009, she attended the University of Florida in Gainesville, Florida to 

pursue a bachelor of science in Chemical Engineering. Two weeks after graduation, she started 

her Ph.D. studies in Materials Science and Engineering at the Pennsylvania State University 

under the guidance of Professor Susan Trolier-McKinstry. Outside of research and her studies, 

Lyndsey enjoys a variety of hobbies including cooking, baking, salsa dancing, glass blowing, 

painting, hiking, swimming, board games and traveling. Upon graduation, she will be joining Dr. 

Peter Finkel’s research group in the Materials Science and Technology Division at the Naval 

Research Laboratory in Washington, D.C. studying the electric field and temperature induced 

phase transition in PIN-PMN-PT single crystals and strain coupled magnetoelectric switching in 

ferromagnetic-ferroelectric composites. 


