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Dielectric and Electrothermal Properties of Ferroelectric Multilayers and Superlattice 

Heterostructures 

Mehmet Tumerkan Kesim 

University of Connecticut, 2017 

 

Artificial ferroelectric (FE) heterostructures show unique electrical properties compared to bulk 

and single-crystal and thin film FEs. The internal built-in electrical fields due to heterogenoeuos 

nature of the structure gives rise to unique electrical properties. Dielectric and electrothermal 

(pyroelectric and electrocaloric) properties of such multilayers and superlattice (SL) 

heterostructures are investigated using a non-linear thermodynamic model. The underlying reasons 

for the enhancement of electrical properties of FE heterostructures are analyzed based on the strain 

and built-in electrostatic fields that could be used as design parameters under realistic processing 

conditions of such materials. It is shown that the choice of multilayer/substrate pair, 

processing/growth temperature, and relative layer fraction of ferroelectric could be tailored to 

enhance dielectric and electrothermal properties of FE multilayers. For instance, large tunabilities 

(90% at 400 kV/cm) are possible in carefully designed barium strontium titanate-strontium titanate 

(STO) and lead zirconate titanate (PZT)-STO even on silicon for which there exist substantially 

large in-plane strains. It is also possible to obtain enhanced electrocaloric response from 

multilayers. 0.75·barium titanate-0.25·PZT and 0.35·STO-0.65·PZT bilayers show ~120% and 

65% increase in electrocaloric response, respectively, compared to PZT films on Si for ΔE=500 

kV cm-1. It is possible to obtain enhanced dielectric and pyroelectric response from PZT-STO SLs, 

especially with increased number of repeating unit for a fixed thickness. It is possible to avoid 

domain splitting in the FE and obtain enhanced properties with reduced overall transition 

temperature. For example, small bias pyroelectric coefficient of 8-unit symmetrical SLs is ~55% 

higher than that of a zero bias PZT monolayer reaching 0.045 µC cm-2 K-1.
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CHAPTER I: INTRODUCTION 

1.1 Phase Transitions 

A substance can be in a solid, liquid, vapor or plasma state for a given condition. There can 

be critical points in such states and/or passing through such states where the physical properties of 

the system changes abruptly. The critical point is a region determined by control field variables 

such as temperature, pressure, magnetic and electrical field. A phase transition is said to occur 

when these variables triggers a change in a physical property; for instance, density, volume and 

composition.1 The emergence of new properties that are absent in the parent phase such as 

ferroelectricity and superconductivity is also possible. The underlying reason for the phase 

transition is the change in structural (atomic, molecular, etc.) and electronic (electrons, spins, 

phonons, etc.) states of the system by the control field variables.2 We can describe the physical 

changes occurring during a phase transition with an order parameter. From a practical standpoint, 

order parameters can be experimentally measured and allow us to track down the phase 

transition.3–5 It should be emphasized that a phase transition can have more than one order 

parameter that can be coupled.6 Some examples of phase transitions and associated order 

parameters are shown in Table 1. Molecular tilts, magnetic moment, changes in density and 

composition can be identified as order parameters. An order parameter, as the name implies, 

represent the order of the phase and it is, in most cases, zero and one, respectively in the parent 

and child phase. From a structural symmetry perspective, the parent phase undergoes a transition 

associated with a loss of symmetry and appearance of a physical quantity. 
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Table 1. Examples of order parameters and corresponding type of phase transitions.2,7  

Phase(s) Phase Transition Order Parameter 

Liquid-gas Condensation/Evaporation Density 

Binary mixture Unmixing Composition/Concentration 

Nematic liquid Orientational ordering Q-tensor 

 

Solids 

 

Ferromagnetic Magnetization 

Antiferromagnetic Sublattice magnetization 

Ferroelectric Polarization 

Antiferroelectric Sublattice polarization 

Solids/liquids Superconductivity Electron pair amplitude 

1.2 Thermodynamic Properties and Property Coupling 

Thermodynamic properties of materials can be defined using proper thermodynamic 

potentials. Some interesting physical properties arise when material properties are coupled 

together. The cross-coupling of material properties are quite useful in technological applications 

and can be visualized using a Heckmann Diagram. One example of such diagrams from 

ferroelectrics (FEs) point of view is shown in Figure 1. The coupling of material properties can be 

shown thermodynamically starting with the differential form of Gibbs Energy:  

 
ij ij i idG SdT d D dE      (1) 

From here, the relations after taking the first derivatives are given via: 
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Second derivatives of the Gibbs Energy yield physical constants. By changing the order of 

differentiation, it is possible to obtain reverse mechanical, thermal and electrical effects through:  
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C=heat capacity, εnm=dielectric permittivity, sijkl=elastic compliance, dnij=direct and inverse 

piezoelectric effect, pn=pyroelectric and electrocaloric (EC) effect. 
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Figure 1. Coupling of material properties relevant to FEs. 

 

1.3 Ferroelectricity 

1.3.1 Ferroelectric Phenomena 

FEs possess a spontaneous electrical polarization which can be reversed via an external 

electric field. Relative displacements of ions in a FE lattice results in a net dipole moment even 

without an applied field. Unlike ordinary dielectrics (DEs), polarization response of FEs under an 

applied electric field is non-linear and show hysteretic behavior. Domain switching and kinetics 

during application of a reverse bias field are responsible for the hysteresis. FEs exhibit either first 

or a second order phase transition.8,9 Free energy profiles at various temperature ranges and 

polarization as a function of temperature for both types of phase transitions are shown in Figure 2. 

For a second order transition shown in Figure 2(a), polarization decreases smoothly when the 
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temperature is increased in the FE state until the phase transition temperature where transition 

takes place continuously. From the free energy profile given in Figure 2(a), two equivalent stable 

polarization states disappear and FE transforms into PE state above the transition temperature. On 

the other hand, for a first order phase transition, polarization disappears abruptly/discontinuously 

at the critical point which is different than the phase transition temperature.10 The critical 

temperature depends whether the material is cooled or heated. Unlike second order transitions, 

metastable states exist with the FE phase between transition temperature and critical point. This 

can also be seen from the energy profile [Figure 2(c)] of a first order phase transition where local 

minima appears at temperatures equal or higher than the Curie temperature (TC).11   

Non-linear behavior of FEs and their switchable polarization has been widely exploited in 

capacitors, phase shifters, and filters where they are used as non-volatile memories and voltage-

controlled frequency-agile elements.12–14 What makes FEs even more attractive is they also exhibit 

pyroelectric and piezoelectric properties. Owing to these additional functionalities, they can also 

be employed as components in actuators, resonators, oscillators, intrusion and smoldering fire 

detectors, uncooled thermal imagers, radiometers, gas/laser analyzers, solid state cooling devices, 

and energy harvesting units.15–18 Thin film FEs offer significant advantages in terms of mass-

producibility, integration with other microelectronic devices, and lower processing costs compared 

to bulk or single crystal FEs. It has been shown that the phase transition characteristics of FE films, 

and thus the accompanying electrical properties, could be influenced and tailored by thermal19 and 

misfit20 strains, lateral clamping of the film to the substrate21, domain structure22, film/substrate 

texture23, and thickness24, and defects.25 
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Figure 2. (a) Energy profile at various temperature ranges and (b) polarization vs. temperature 

for a second order phase transition. (c) Energy profile at various temperature ranges and (d) 

polarization vs. temperature for a first order phase transition.11 

1.3.2 Ferroelectric Materials 

Neumann’s principle states that the symmetry of a crystal has an influence on the observed 

physical quantities from that crystal. If a crystal remains invariant for certain symmetry operations, 

then its physical properties must also be invariant. This is important for classifying crystal point 

groups based on the physical phenomena they exhibit. Each group has certain non-zero and 

independent elements in their property tensor that are determined by the symmetry operations and 

indicative of the (an)isotropy in the physical properties for a given crystal. Out of 32 point groups, 
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20 non-centrosymmetric crystals show piezoelectricity but only 10 of them which has a unique 

polar axis is pyroelectric. All FEs belong to the remaining 10 classes; however, not all pyroelectrics 

are ferroelectric because of the inability to switch the direction of the polar axis with external 

field.26–30 Point group classification of electrical properties are shown in Figure 29. 

FEs can be divided into four distinct classes based on the crystal structure they possess: (i) 

oxygen octahedral, (ii) tungsten-bronze, (iii) pyrochlore and (iv) bismuth layer-structured. Among 

these, the first group includes ABO3-type perovskite structures which have been studied 

extensively and utilized mostly in technological applications. Lead titanate (PTO), barium titanate 

(BTO), PZT [Pb(ZrxTi1-xO3), (PZT x/1-x)], barium strontium titanate (BaxSr1-xTiO3, BST), 

potassium niobate (KNbO3, KNO) and lithium tantalite (LiNbO3, LTO) are some examples of the 

materials with perovskite structure.27,31 The atomic positions in the unit cell above and below the 

phase transition temperature for ABO3 crystals corresponding to PE and FE states, respectively, 

are shown in Figure 3. A-type atoms are located at the corners whereas the B-type ones are sitting 

at the body centered locations. Oxygen atoms are positioned on face centered cites. The loss of the 

symmetry of the crystal due to relative displacement of ions below the phase transition temperature 

[Figure 3(b)] give rise to a net dipole moment. Note that only one polar direction is shown in the 

ferroelectric state among all equivalent six directions for illustration purposes. The number of 

equivalent energy states in three-dimensional case is increased to six compared to the two 

equivalent states for a one-dimensional description [Figure 2(a) and (c)].  

The antiferroelectric (AFE) materials differ from FEs in a way that adjacent dipoles are 

aligned opposite to each other giving a macroscopic net zero polarization. However, it is possible 

to align these dipoles in the same direction via applying a moderate electrical field since AFE and 

FE states are close in energy. A net macroscopic polarization is obtained at a field corresponding 
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to AFE-FE phase transition. This means the FE loop opens up when sufficient electrostatic energy 

is provided to the system, therefore the P-E curves of AFE have double hysteresis loops as seen in 

Figure 31(d) in Appendix. More detailed information on physics of AFEs, materials and 

applications are given in Refs.32–37 Another group of materials with peculiar properties are relaxor 

FEs. These materials are in a cubic PE state at high temperatures. When they are cooled down to 

a critical temperature, a compositional order-disorder phase transition occurs. This critical 

temperature is called the Burns temperature. Unlike displacive phase transitions such as those 

observed in PTO, there is no structural displacement in relaxors and the cubic symmetry is 

maintained. There are mobile nanometer polar regions close to Burns temperature. Further cooling 

the material down immobilize such nano regions. The structure goes into a non-ergodic state with 

the freezing of dipole dynamics. This point is where interesting dielectric properties are realized. 

The relaxors have diffuse dielectric response and high dielectric constants unlike FEs where there 

is a maximum in the dielectric permittivity right at the phase transition [See Figure 31(d) in 

Appendix for a typical hysteresis loop]. Moreover, the dielectric constants are highly responsive 

to changes in the frequency of the field. Relaxors are attractive in electromechanical devices such 

as transducers, sensors and actuators. More detailed information about relaxors can be found in 

Refs.27,38–43 
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Figure 3. Schematic of ABO3 type perovskite structure in the (a) paraelectric and (b) ferroelectric 

state.  

1.3.3 Domains in Ferroelectrics 

Domains are regions of uniform polarization in a FE crystal and can be formed due to 

strain, electrical and mechanical defects, thermal and electrical history of the crystal. Although the 

polarization within a domain is constant, there must be spatial changes in polarization when going 

through one domain to another. The regions where the polarization inhomogeneity observed are 

domain walls which have interesting properties and affect the electrical properties of a FE crystal 

such as their contribution to the external dielectric, pyroelectric and piezoelectric response.44–47 A 

uniform polarization (monodomain) in a FE crystal is usually not the most stable state especially 

in FEs without electrodes at the surfaces. Monodomain configuration necessitates that the positive 

and negative charges are separated at opposite surfaces of the FE [Figure 4(a)]. This is not a stable 

state for electrostatic considerations since the charges of electrical dipoles are not compensated by 

any means. As a consequence, there are electric/depolarizing/stray fields towards the opposite of 

polarization direction which try to reduce the polarization. The strength of the depolarizing fields 

is proportional to magnitude of polarization and can be much larger than the coercive field of FE. 
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For instance, a FE with a 0.1 C m-2 polarization would face against a field of 103-105 kV m-1. 

Instead of terminating the ferroelectricity, the crystal can split into domains to counteract this field  

if the domain formation is feasible for a given condition.48–50 Commonly observed domain 

structures in a FE undergoing a cubic to tetragonal phase transition are 90° and 180° domains and 

their combinations.51,52 A simple 180° domain configuration is illustrated in Figure 4(b). The stray 

field is eliminated by the FE in a periodic polarization up and down configuration which ensures 

that each negative charge is compensated by the neighboring positive charges and vice versa.53 

The domain walls may have different structure for a given condition. Polarization goes to zero 

gradually without changing its direction (no rotation) and grow in the opposite direction after 

switching back within the width of a domain wall. Such a domain wall type is called Ising wall 

[Figure 30(a)]. On the other hand, within Néel and Bloch type walls, polarization vector also needs 

to rotate in x- and x-, y-directions, respectively, in cartesian coordinates in addition to decreasing 

its magnitude. Various types of domain walls observed in FEs can be found in Figure 30 in 

Appendix. Rotation of the polarization vector from the polar axis in domain walls comes with an 

energy penalty to stabilize the crystal in this configuration. Mixtures of these wall types are also 

observed in FEs. Depending on the electromechanical and electrostatic conditions, various types 

of domains and domain walls can be stabilized in FEs.54  
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Figure 4. Schematic representation of a (a) monodomain and (b) 180° domain configuration of a 

FE crystal. 

Electrodes are deposited on the FE surface to compensate for the bound surface charges; 

however, there is no electrode that can perfectly compensate these charges in reality.55,56 The 

incomplete compensation of electrical dipoles at the surface of the crystal by the electrode 

generates depolarizing fields. Such fields can destroy the stability of a single domain state and may 

cause domain splitting in the FE. However, crystal can be electrically poled to force the 

monodomain state in a FE. Monodomain state in a FE can also be induced by depositing ultrathin 

films.57,58 The domain formation energy for an ultrathin film is so high that monodomain state can 

be stabilized in the FE through reduction of polarization. There is also a chance that ferroelectricity 

may completely disappear since the surface and size effects become overwhelming.59–61 FE has to 

cope with these effects but it cannot split into domains. In this case, FE crystal kills the 

polarization. FE polarization is strongly coupled to lattice and unlike their magnetic counterparts, 

polarization rotations cannot take place along longer distances due to high anisotropy associated 

with polarization-strain coupling.8,54 This is why more exotic and unique domain variants are more 

common in ferromagnets compared to FEs. The multi-to-single domain transition is highly 

dependent on electrical and mechanical boundary conditions, therefore different domain structures 
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and their mixtures can be observed in FEs. Here, the emphasis is focused on the competition 

between depolarizing fields and the domain formation energy.  

More recently, the observation of unique domain patterns has been reported both 

theoretically and experimentally in superlattices (SLs), ultrathin films and low-dimensional 

structures such as nanopillars, nanoislands, nanodisks and nanowires. These exotic domain 

structures include flux closure domains, vortices and skyrmions.62–72 Aguado-Puente and 

Junquera73 reported stabilization of closure domains in BTO thin films with SrRuO3 electrodes 

that are similar to the ones observed in ferromagnets from first principles simulations. They argued 

that the electrode plays a critical role in the stabilization of such a closure structure. The in-plane 

displacements of Sr and O atom at the first layer of the electrode was thought to be the origin of 

closure domain formation. It was also discussed that there remains the question of the FE nature 

of the thin film since the polarization needs to be switchable. Flux-closure domain structures have 

been observed in nano FEs such as nanodots and lamella at the mesoscale.64,67,74 Chang et al.68 

observed formation of nested flux-closure domain structure on the edges of a FE 

[Pb(Zn1/3Nb2/3)O3]0.88[PbTiO3]0.12 sheet. This material has a morphotrophic phase boundary 

(MPB) and it was thought that the observation of exotic domain structures are more likely than a 

simple tetragonal. At/near the MPB, polarization can be oriented in different directions easily and 

new phases/phase mixtures can appear. 

 It was found that the resulting domain patterns is highly sensitive to the choice of the 

substrate that FE is mounted. Flux-closure structures have also been spotted in PTO and BTO thin 

films and SLs.72,75 The stabilization of a flux-closure necessitates the generation of huge amount 

of disclination strains because of the strong polarization-strain coupling in the FE. It was reported 

that strain gradient up to 109 m-1 ruptures the FE lattice very close to the core of the flux closure 



13 

 

pattern because that amount of strain exceeds the shear strength of the FE. Estimated strain 

gradients larger than 107 m-1 was also reported for BTO-STO SLs.72 Vortex structures have also 

been observed in FE SL, nanodot and nanoplatelets.22,63,76–78 Yadav et al.63 showed stable vortex 

structures in BTO-STO SLs. It was found that there is asymmetry in the observed domain 

structures so that the centers of the cores are not aligned perfectly. It was argued that such an 

asymmetry may be responsible for the source of chirality and possible tunable optical properties. 

Phase field studies have shown the existence and stability of vortex structures.63,79 The stability of 

vortex structures depends on the interplay between long range electrostatic, short range 

polarization gradient and long range elastic energies and it was found that there is a critical upper 

and lower bound for SL thickness that these vortices are stable which is related to width of the 

domains.79 Chiral skyrmionics structures have been observed in magnetic materials; however, such 

states are not stable in bulk FEs. More recently, stable skyrmionic states was observed in BTO 

nanowires that are embedded in a STO matrix using firsts principles. It was shown that skyrmionic 

state can be induced due to interaction between confined geometry and dipolar interactions. The 

structure of the skyrmion revealed that topological charge density split into fractions that are 

pinned at the domain wall junctions.65 It was shown via phase field simulations that vortex domain 

structure can be induced by mechanical load.76 The authors demonstrated that the magnitude and 

direction of toroidal moment can be changed by applying stress which give rise to different domain 

structures including vortices. The research on the exotic domain patterns is in its infancy since the 

difficulties in processing such structures. Moreover, the resulting domain patterns should be 

reproducible, stable and tunable with an external stimulus such as stress and electrical field before 

even considered for practical applications. Nevertheless, FE nanoelectronics are attractive in 

sensor, transducer and memory applications.76 
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1.3.4 Size Effects in Ferroelectrics 

There have been numerous studies since the mid-20th century to investigate the size effects 

in FEs in bulk, powder and thin film forms (e.g. grain and particle size, film thickness).57,80–93 

Earlier studies revealed that the phase transition temperature of tetragonal PTO and BTO is 

reduced with decreasing particle size, eventually transforming into a PE state at RT.80–83,86,94,95 The 

reduction in TC and the FE-PE phase transition at a critical particle size was observed using variety 

of characterization techniques including XRD80,82, DSC94, Raman Spectroscopy81,95 and P-E 

measurements.96 Both in-plane (a) and out-of-plane (c) lattice constants can be obtained from XRD 

measurements. With the reduction of c/a ratio, i.e. reduced tetragonality of the FE phase, TC 

decreases and at a critical grain/particle size, tetragonality goes to unity where FE-PE transition 

occurs. Other possible ways to capture FE-PE transition is to track down the frequency of the 

active phonon in the FE mode via Raman Spectroscopy or analyzing the transition peaks from a 

DSC spectrum at different grain/particle sizes.  

It is intuitive at first that as the particle size of a FE is continuously reduced, ferroelectricity 

would vanish at some point due to collective nature of the FE polar crystal with long range dipole 

interactions. This is the intrinsic size limit of the FE; below which ferroelectric state cannot be 

stable. Finding this limit experimentally is extremely complicated because of extrinsic 

contributions such as domain structure, electrical, mechanical and chemical defects, external and 

internal stresses, electrode-FE interactions, and grain boundaries. Moreover, form and shape of 

FE, processing method and conditions also play a huge role in determining an intrinsic size for the 

vanishing of ferroelectricity for a given FE material.86,88,89 Surface tension was considered to be a 

contributing external factor for the reduction of TC in nanograined ceramics and powders.80 The 

internal hydrostatic pressure generated from the surface effect was thought to be analogous to 
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reductions in TC upon the application of an external hydrostatic pressure as studied both 

theoretically97,98 and experimentally.99,100 However, it should be noted that the geometry of the FE 

crystal and direction of the applied pressure influence whether TC is shifted to or away from RT. 

Mechanical stresses that favor tetragonal structure (higher c/a ratios) increases the stability of the 

FE phase and thus increases the TC.101,102  

 It was argued that the surface tension effect by itself cannot be responsible for the reduced 

TC since several GPa of pressure is required to stabilize the PE state.103,104 In fact, other external 

factors and surface tension listed in this section and the electrostatic interactions are responsible 

for the loss of stability of the FE state.93 It was shown theoretically using Landau-based approaches 

that a critical size effect from ferroelectric nanostructures can be captured by considering surface 

tension and depolarizing affects.61,105–107 The correlation radius/volume of ferroelectricity, below 

which FE state is not stable due to polarization fluctuations, was suggested to be around the unit 

cell scale to few nanometers.108 However, the exact number is still not clear due to complications 

in the external factors at the nanoscale as mentioned before. An exact correlation length has not 

been demonstrated yet and the findings for SL and ultrathin film structures clearly show 

ferroelectricity at such small length scales.89,93,109  

Fong et al.110 showed ferroelectricity in 3-unit cell-thick PTO ultrathin films with tiny 

stripe domains. It was also shown that polarization of a PZT film is significantly reduced below 4 

nm thickness; however, polarization values approximately 0.22 C m-2 can be obtained from a 2-

unit cell-thick film which was attributed to strong covalent Pb-O bonds. Using a first principle 

based approach, Lichtensteiger and Triscone57 demonstrated that PTO films lower than 5 nm 

display significantly reduced polarization values at 0K than thicker films due to depolarizing fields 

while maintaining FE state. XRD analysis of 2.4 nm-thick films revealed that c/a ratio is still higher 
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than unity. In a different DFT study111, the monodomain FE state in PTO was shown for 1-unit 

cell-thick films considering electrode screening (realistic electrodes) and depolarizing fields. On 

the other hand, ferroelectricity disappeared even for 4-unit cell-thick films of BTO. The difference 

was explained in terms of different work functions of PTO and BTO leading to different screening 

of bound charges by the electrodes. Overall, FE state can be stable in films with a few unit cells 

thickness. 

1.3.5 Ferroelectric and Ferroelectric-based Heterostructures 

Another way to manipulate the functional properties of FEs is by constructing artificial 

multilayer heterostructures. FE/PE or FE/DE multilayers, SLs, and compositionally graded stacks 

demonstrate peculiar electrical properties as compared to their bulk and single-crystal equivalents 

due to electrostatic and electromechanical interlayer interactions.112,113 Such interactions alter the 

electrical potential and strain field in the heterostructure and may lead to, for instance, observation 

of unique domain patters, Curie temperature shifts, and entire suppression of spontaneous 

polarization.57,77,114 Theoretical studies show that there exists a dielectric anomaly in coupled FE-

PE bilayers at a critical PE layer fraction (αC) associated with the disappearance of the ferroelectric 

response.115 This phenomenon is similar to the dielectric maxima observed near TC in monolithic 

FEs and can be used to enhance second-order property coefficients, namely dielectric constant and 

pyroelectric coefficient, near αC. The theoretical results obtained from Landau-based analyses have 

shown to be in good agreement with the experimental values of dielectric permittivity values for 

STO-PTO epitaxial SLs116 and polycrystalline bilayers.117  

Artificial SL structures have some interesting electrical properties due to electrostatic and 

electromechanical interaction between layers. The presence of interfaces in artificial SL structures 

alter the average electrical response of the heterostructure. It has been shown experimentally that 
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a SL configuration offers enhanced electrical properties compared to that of monolayer 

counterparts that made up the structure and the monolithic alloy of the same SL composition.116,118–

120 Moreover, the electrical properties of SLs can be fine-tuned by designing the layer 

configuration and geometry, total thickness, layer periodicity and the choice of film/substrate 

combination. This way, it is even possible to maximize the electrical properties in a SL 

configuration as shown both experimentally118–129 and theoretically.130–137 The enhanced properties 

of SLs originate from different sources including electrostatic and elastic interactions between 

layers and reduced size effect. Moreover, the resulting domain structure due to interaction of such 

physical effects can also influence the electrical properties of SLs. In an earlier study, Nakagawara 

et al.119 showed that the dielectric permittivity of BTO-STO SLs increase when the thickness of 

each layer is decreased (number of repeating units are increased) for a fixed total thickness of 100 

nm with permittivity values going as high as 600 and exceeding the value of a BST-STO solid 

solution film. It was argued that the in-plane pressure between individual layers in the SLs can be 

responsible for the enhancement in dielectric properties. Similar trends in relative permittivity vs. 

layer periodicity were also observed from BTO-STO118,122 and PbZrO3/PTO120 SLs. It was shown 

that SLs with thinner individual units have a reduced TC compared to the ones with thicker layers. 

Not only the size effects become important for thinner layers but also the interactions between FE 

layers was suggested to alter the phase transition characteristics of FE-PE SLs. Two separate 

experimental138 and theoretical131 analysis showed that the TC decreases in KNO3/KTaO3 when the 

repeating unit periodicity is decreased gradually. As the layer periodicity is reduced, the FE layers 

interact with each other and the domain structure of the FEs couple strongly with each other as 

determined by the global depoling field in the SL which tends to decrease TC. On the other hand, 
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depoling fields are concentrated at the FE-PE interfaces for SLs with larger periods, thus the 

interaction between FE layers are rather weak.138  

In addition to interesting dielectric and electrothermal properties, thin film heterogeneous 

FEs also exhibit unique interfacial phenomena. The formation of a two-dimensional electron gas 

in dielectric (e.g. LaAlO3/SrTiO3) and wide-bandgap polar heterostructures such as GaN- and 

ZnO-based systems have attracted interest in electronics applications.139,140 Magnetoresistance 

effects have been observed in ferromagnetic and antiferromagnetic based multilayer constructs 

that can be used in sensing and memory applications.141,142 Switchable polarization of a FE opens 

up the opportunity to control the charge transport characteristics at the FE/metal and FE/SC 

heterointerfaces. Carrier manipulation near such regions can be used in high density memories, 

switchable diodes, and photovoltaic devices. The origin of the switchable diode effect from 

bismuth ferrite (BiFeO3, BFO)-SC heterostructures has been a subject of debate for some time. It 

was argued whether the diode effect is due to interfacial or bulk in origin. The interfacial effect 

was suggested to arise from the oxygen defects that are pinned at the FE-electrode interface and 

inducing rectifying diode characteristics.143,144 On the other hand, the bulk effect was thought to 

originate from the FE polarization and its direction.145 It should be noted that these two phenomena 

are actually more or less similar/related physically. It is well known that oxygen defects and cation 

deficiency makes an insulating FE a SC. When a SC is in touch with a metal (electrode), Schottky-

like junctions form at the interface and carrier accumulation/depletion result in formation of 

potential barriers that gives the directional anisotropy in current density responsible for the diode 

effect. The diode effect in the reverse direction can be achieved by changing the polarization state 

(direction) of the FE. An example schematic is shown in Figure 5(a) for a BFO-SRO 

heterostructure. The positively charged oxygen defects pole the FE film to align the polarization 
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vector downwards so that the negative charges are accumulated at the top electrode-FE interface 

giving rise to anisotropic current transport along the heterostructure thickness that is responsible 

for the diode effect.145  

Voora et al.146 attributed the diode-like behavior of a BTO/ZnO heterostructure to the 

polarization in the BTO layer but did not rule out the effects of interfacial defects and charges. The 

I-V curves vs. temperature revealed that above the phase transition (PE state), the diode-like 

behavior still persisted. Similarly, the diode behavior of a BFO-ZnO structure accompanying a 

hysteresis in the I-V curves was also shown in Ref.147 The band bending at the BFO-ZnO interface 

was proposed to arise because of the formation of a p-n junction at the interface. BFO films were 

p-type SCs, whereas the ZnO was a n-type SC. It should be emphasized that the thermionic 

emission at heterointerfaces obviously depends on the temperature; therefore, not only the 

polarization state of a FE is important in setting the energy barrier at such interfaces but also any 

changes in temperature contribute to changes in the potential. The current ON/OFF ratios are fairly 

important when designing a memory. In other words, the two states need to be distinct and 

distinguishable. What is probably more important is that the current retention characteristics of the 

memory should be very good that the ON/OFF currents need to be stable over time and number of 

switching operations (retention characteristics). The latter is probably the reason why memory 

devices that utilize FE up and down switching have not been used extensively in applications 

because of ferroelectric fatigue and imprint. Jiang et al.143 showed that the ON/OFF currents in a 

BiFeO3-SrRuO3-STO system can be stable over 106 s. On the other hand, the appearance of fatigue 

in the heterostructure after some switching operations significantly changed the polarization values 

and the current density. This finding also supports the other studies that the polarization state 

affects the diode behavior of the heterostructure. 
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Ferroelectric tunnel junctions (FTJs) have recently been considered as promising 

heterostructures for their potential application in non-volatile memory devices making use of 

resistive switching phenomenon. With the advancements in thin film deposition technology, high 

quality few nm-thick FE films can now be synthesized. FTJs make use of the quantum electron 

tunneling phenomena where electrons can be transported across a potential barrier that is 

classically forbidden.148,149  It has been theoretically shown that FE polarization switching can 

induce tunneling electro resistance (TER) effect. TER effect is much more significant in 

heterostructures with asymmetric electrodes and/or asymmetric layer structures. The potential 

barrier between the film and electrodes are altered in such systems, thereby changing the electron 

transport characteristics.148,150–155 A schematic of a typical FTJ with a representative band diagram 

is presented in Figure 5(b). Hole accumulation in the correlated oxide layer due to upward 

polarization (red arrows) activates more carriers to flow through the direction of FE polarization, 

thus increasing current density. When the polarization is switched, the potential barrier increases 

and this results in low current density transport across the heterostructure. The conductance 

difference/ratio is responsible for the TER effect.156 It has been shown experimentally that high 

conductance ratios can be achieved using FTJs.149,156 

FEs can also be utilized as gate oxides in a metal oxide field-effect transistor configuration 

for non-volatile memory applications. It has been shown both theoretically and experimentally that 

distinct memory states in the SC channel can be induced by changing the carrier 

concentration/distribution at the SC-FE interface through polarization in the FE gate layer.157–167 

A schematic of a PZT-ZnO field-effect transistor is shown schematically in Figure 5(c). A single 

domain configuration in the FE where polarization points downward depletes the SC channel in 

the OFF state. On the other hand, full carrier accumulation can be realized when the FE 
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polarization is reversed by applying an electric field. It is worth mentioning that polydomain 

structure obtained at the intermediate steps during switching can also increase the carrier 

concentration at the channel which is also dependent on the width of the domains as well. 

Misirlioglu et al.166 showed that it is possible to induce ON/OFF states in the channel at low 

voltages using a Landau-Ginzburg-Devonshire (LGD) approach without the need for FE 

switching. This is useful for low voltage operation and limiting possible ferroelectric fatigue. 

Although FFETs offer potential to be utilized as non-volatile memory devices, there are some 

practical limitations that prevent realizing the full potential of such heterostructures. The most 

serious problem is the short retention time of this devices due to leakage in FE, the presence of 

depolarizing fields and interface quality of FE-electrode interface. Apart from increasing the 

quality of films through process control, the use of a buffer layer was suggested to improve the 

FE-electrode interface. The deposition of an insulating buffer layer between the FE and electrode; 

however, requires higher voltage operation due to voltage drop across the FE in this configuration. 

Moreover, the depolarizing fields generated through introduction of buffer layer deteriorate the 

retention performance of the structure.158–161 Nevertheless, FFETs are still promising and attractive 

for use in memory applications if the above-mentioned problems can be limited. 
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Figure 5. (a) Schematic and I-V characteristics of BFO-SRO heterostructures with a zoomed in 

picture showing oxygen defects at the Pt-BFO interface.145 (b) Schematic of a FE-correlated 

metal oxide heterostructure tunnel junction showing how the direction of the polarization induces 

the high and low resistance memory states by flooding or depleting the charge carriers at the FE-

oxide interface.156 (c) Schematic of a ferroelectric field effect transistor showing the dynamic 

control of channel (ZnO) conductance through ferroelectric switching.160 
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1.4 Rationale of the Thesis 

Integration of FEs with microelectronic devices necessitates that these materials are 

deposited in thin film form with reduced dimensions. The processing conditions for FE thin films 

and the thin film configuration itself generate strain fields that couple with polarization and may 

alter the electrical properties drastically (negatively, in many cases) compared to bulk. Moreover, 

the heterostructure configuration changes the electrostatics of the system. The main motivation of 

this thesis is to be able to guide the experimental work by looking at how certain processing 

parameters can affect dielectric, pyroelectric, and EC properties of FE heterostructures on IC 

compatible substrates. The goal is to identify specific set of (physical) parameters for experimental 

design that can yield enhanced electrical properties. 

Here, a non-linear thermodynamic model that takes into account the thermal stresses that 

develop during cooling from the (growth temperature) TG and electrostatic coupling between the 

layers that make up the multilayer construct is utilized. The quantitative results from such 

multilayers will be compared to that of monolayer films and in some cases bulk counterparts. The 

dielectric and pyroelectric properties and phase transition characteristics of heteroepitaxial SL 

stacks are also presented and the role of a SL configuration on the electrostatics of the system and 

the resulting domain structure is discussed. 

The specific objectives of the current work can be summarized as follows: 

• To understand the effect of SrTiO3 (STO) layer fraction in a FE/STO multilayer on the 

dielectric properties. This may help in designing the overall composition of the multilayer 

system to get the highest possible dielectric permittivity. 
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• To explain the change in dielectric properties of a FE/STO multilayer thin films as a 

function of growth/annealing temperature and the choice of multilayer substrate pair. This 

may provide information on how to choose a growth temperature to obtain the maximum 

dielectric response for each multilayer-substrate system (if a change in growth temperature 

is feasible for the experimental setup). 

• The impact of electrostatic coupling strength on the electrothermal properties will be 

analyzed via comparing the pyroelectric coefficients and adiabatic temperature changes of 

BaTiO3 (BTO)-Pb0.8Zr0.2TiO3 (PZT 20/80 or PZT) and STO-PZT 20/80 systems. This may 

give insight which material pair performs better for a given electrical field and temperature. 

• To understand how the phase transition characteristics of PZT-STO epitaxial 

heterostructures are affected by the layer periodicity, layer thickness and number of 

repeating units and to compare the resulting dielectric and pyroelectric properties. This 

may give further flexibility in designing novel SLs by changing simple experimental 

conditions using same material and deposition systems. 
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CHAPTER II: Theory of Phase Transitions and Theoretical 

Methodology  

2.1 Overview of the Commonly Used Methods to Model Ferroelectric Phase 

Transitions 

The most commonly utilized methods to model ferroelectrics are thermodynamic, phase 

field, and first principles approaches. The former includes well-known Landau expansion of free 

energy density with polarization as the order parameter. Although it assumes averaging of local 

polarization fluctuations, surface and size effects can still be modeled via introducing boundary 

conditions and gradient terms, therefore making these methods attractive and versatile to study 

thin/ultrathin FE films.9,11 One needs to resort to phase field models when analysis of domain 

dynamics during transition and switching in detail is of interest.168,169  On the other hand, first 

principle based approaches provide information at the unit cell level and do not require 

phenomenological constants to predict the ferroelectric properties. Phase diagrams, phonon 

frequencies, and elastic constants can be obtained using such methods.170  

2.2 Bulk Landau Energy  

The physical picture of a structural phase transition can be explained using the soft mode 

concept from an atomistic perspective. The instability of a certain lattice vibration (phonon) mode 

at the critical point is responsible for the FE phase transition. It was shown that the total energy of 

the system can be approximated by a series expansion of the amplitude of such a vibration mode 

since the contribution of other modes becomes much less significant.171,172 Landau-based 

approaches, on the other hand, assumes averaging of physical quantities in the lattice and hence, 

are continuum based in nature. Within this framework, the polarization need not necessarily 
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correlate with the amplitude of the phonon mode responsible for the phase transition: it is rather a 

macroscopic quantity that describes the phase transition. Landau and later Devonshire formed the 

basis of the theory and it was shown that dielectric properties of BTO can be calculated with a 

polynomial and very good agreement with the experimental values can be obtained within a broad 

temperature range far from the critical point.172–175 Landau Theory of Phase Transitions is a 

symmetry based analysis to model ferroelectric phenomena and it is valid above and below the 

critical point. The most important rule in constructing a free energy expression in Landau-based 

approaches is that the energy has to be invariant under operations of the parent phase’s symmetry 

group. This means if one wants to include additional terms (e.g. elastic, electrostatic) to the total 

energy, the symmetry requirements/constraints has to be preserved. For instance, the elastic strain 

during a phase transition has its own vibration mode which is not proportional to the amplitude of 

the mode that is responsible for the ferroelectric transition. However, the elastic energy, for 

instance, can still be included as long as the symmetry constraints are preserved.172 The bulk 

Landau energy with polarization as the order parameter has the following form for a FE undergoing 

a transition from the high symmetry PE cubic phase to a tetragonal FE state: 

 iiiiiiL EPPPPGTPG  642

,0 111111
),(   (8) 

The energy is simply a Tylor expansion right near the critical point. The odd terms are omitted 

when the electric field E is zero so that the mirror symmetry is maintained.10 This way the energy 

equivalent FE states, +P and -P can be captured. The last term in Equation 8, -EPi, is the 

electrostatic energy. Pi are the polarization components and E is the externally applied electric 

field. αij is the dielectric stiffness coefficients. The electric field is linearly coupled to polarization 

in Equation 8. As a consequence, depending on the field direction, i.e. sign of the field, the 

symmetry of the polynomial is broken favoring one polarization value over the other that has a 
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different sign. It should be noted that the bulk energy shown in Equation 8 is for a general uniaxial 

problem and the complete energy expression with all the dielectric stiffness coefficients and 

polarization components are given in the proceeding section. The quadratic coefficient α1 is given 

by the Curie-Weiss Law, α1=(T-TC,i)/2ε0C, where ε0 is the permittivity of free space, C is the Curie-

Weiss constant, and TC is the Curie temperature. The other stiffness coefficients are known to 

slightly depend on temperature which is usually neglected in the analysis. The Landau Theory 

breaks down very close to the critical point since the fluctuations in the order parameter become 

significant. This is because the correlation length which defines the length scale of polarization 

diverges very close to critical point and hence cannot be described by the polynomial in Equation 

8. The correlation length can also be described as the maximum distance between two points in 

space where the polarization is “felt” in between. If it diverges in the limit of T  TC then that 

means the polarization fluctuations become significant in the entire FE. It should be emphasized 

that the form of the energy expression is different for systems with different symmetries.                    

 The condition for thermodynamic equilibrium is derived from the dielectric equation of 

state: 

  EPPP
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 53
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4
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(9) 

To find the equilibrium polarization value, one has to set the derivative to zero in the above 

equation: the polarization value that minimizes the energy is the equilibrium polarization of the 

system. Once the equilibrium polarization is known; relative dielectric permittivity (εR) or 

dielectric constant, pyroelectric coefficient (p) and adiabatic temperature change (∆T) can be 

calculated from the following equations: 
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where CE is the total heat capacity of the FE consisting of the excess heat capacity and lattice 

contributions fitted from experimental data. The second term in Equation 11 is the dielectric 

contribution to the pyroelectric coefficient. The value is negligible in the FE state since the 

spontaneous polarization term dominates.  

2.3 General Free Energy Expression for Cubic-Tetragonal Ferroelectric Phase 

Transition 

The total free energy for a FE that undergoes a cubic to tetragonal phase transition reads: 

 GELESLFE GGGGGG  0  (13) 

where the energy terms from left to right are the total energy of the reference PE state (G0), 

landau bulk energy (GL), electrostatic energy (GES), elastic energy (GEL) and the gradient energy 

(GG), respectively. G0 is taken as zero in order to obtain excess free energy change ΔG=GFE-G0 

from the phase transition itself. G0=U0-TS0 where enthalpic contributions to total energy of the 

system due to interatomic bonding is included in U0 and the entropic contributions such as 

configurational and vibrational entropy are included in the second term. It is important to repeat 

here again that Landau theory describes the energy change due to phase transition not the total 

energy of the entire system. The bulk Landau energy follows from: 



29 

 

 

2
3

2
2

2
1123

2
2

2
1

4
3

2
3

2
1

4
2

2
3

2
2

4
1112

6
3

6
2

6
1111

2
3

2
2

2
3

2
1

2
2

2
112

4
3

4
2

4
111

2
3

2
2

2
11

PPP

PPPPPPPPPPPP

PPPPPPPPPPPPGFE













)]()()([)(

)()()(

 (14) 

where Equation 14 is the general expression for the bulk Landau energy including all polarization 

components, their cross-coupling and all the dielectric stiffness coefficients. Note that this 

equation is basically an expanded version of Equation 8 which is given for a uniaxial bulk FE. The 

electrostatic energy is given as -EPi. The elastic energy along all cartesian coordinates is given 

via: 
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(15) 

Here, the stress tensor in Voigt notation is indicated as i (i=1,2,…,6). Sij and Qij  are the elastic 

compliances and electrostrictive coefficients, respectively. Electrostriction is a property of any 

DE where an applied field causes a change in the crystal’s shape. This is neglected in the bulk 

analysis since whole crystal is allowed to expand/contract along any direction in space. Elastic 

energy of a FE system can be modified with external stress or the configuration/geometry of the 

system. For instance, internal elastic energy due to the mechanical boundary conditions in a thin 

film configuration requires σ1=σ2 and σ3=σ4=σ5=σ6=0, since the FE film is allowed to expand 

along the out of plane direction and there are no shear forces acting on the film. This sets the 

equi-biaxial strain in the thin film. The thin film is said to be “clamped” in such a configuration. 

The stress components can be eliminated through ii udGd /
~

 (i = 1, 2). The source of strain in 

a FE film can be thermal or misfit. Thermal strains (uT) are generated when FE films are cooled 
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down from the growth/processing temperature to room temperature because of the thermal 

expansion mismatch of the film to the substrate. On the other hand, epitaxial strains (um) are 

formed if the film and the substrate are coherent and hence there is lattice constant mismatch. 

Equation 13 can be rewritten as: 
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with modified stiffness coefficients are given via: 
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It is worth mentioning that the elastic energy here is assumed to be homogeneous in the FE whether 

the strain is thermal or misfit. In order to consider inhomogeneous strain in the system, one needs 

to resort to phase field calculations. The elastic equations of state have to be solved along with the 

dielectric ones to calculate the domain structure and electrical properties of FEs. An additional 

assumption in this model is that no elastic effects in the electrodes are considered in this study. In 

other words, only the electrodes contribute to the electrostatic problem by providing short-circuit 

conditions, perfect charge compensation and providing voltage under bias. The thin films are 
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assumed to be much thinner than the substrate and the electrode so that the homogeneous strain is 

confined in the FE layer(s). Additionally, any elastic interaction between individual layers is 

neglected.  

The electrodes are assumed to be ideal with perfect compensation of bound charges. This 

means the screening length of electrode is infinitely thin that no electric field penetrates into the 

electrode. If an electric field penetrates into the electrode over a certain thickness that is determined 

by the screening quality of the electrode, then there would be a voltage drop at the surface creating 

depolarizing fields. The screening effects can be included in Landau-based approaches as shown 

in the literature.176–178 Alternatively, it was also shown that such effects can be modeled by 

considering a very thin “dead” layer between the film and the electrode to mimic voltage drop due 

to imperfect screening.179 

 The last term in Equation 16 is the gradient energy due to domain formation and given by: 
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Gij are the gradient energy coefficients. Gradient energy is the energy penalty due to domain 

formation. The polarization is assumed to be constant at every point in space (in FE) if this term 

is neglected. In unpoled real crystals, a constant polarization in the FE is usually not feasible due 

to formation of electrical domains. Equation 20 is introduced to the free energy expression in order 

to capture local polarization differences/changes in the FE system. The single domain/single 

domain-like state in the FE can be induced easily by poling the FE crystal (applying electrical 

field) either at low or elevated temperatures especially for thicker polycrystalline films.180  
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2.3.1 Monodomain Polycrystalline Single Layer and Multilayer Films 

FE films usually rapidly cooled from the TG to the ambient temperature to prevent 

formation of additional phases and prevent the loss of volatile species from the FE phase such as 

lead. This may lead to generation of thermal strains in polycrystalline films because of the 

differences in coefficients of thermal expansion (CTE) of the film and the substrate. This is 

analogous to lattice constant mismatch in epitaxial thin films. Equi-biaxial in-plane thermal strains 

that develop in the film due to the differences in CTEs between FE film and substrate upon cooling 

from TG can be expressed as:  

  
GG T

RT

substrate

T

RT

filmT dTdTuu   (21) 

where F,i and S are the in-plane CTE of the layer i and the substrate, respectively. It is assumed 

that thermal strains are not relaxed through formation of domains and/or cracks.  

As mentioned in Section 1.3, the internal fields generated through polarization mismatch 

between different layers can alter the average polarization of the heterostructure. This effect can 

be captured by including an additional electrostatic term, ED,i in the energy expression for a bilayer 

system and is given by: 

 )
2

1~
()

2

1~
()1(

~
21,21,1 PEGEGG DD    (22) 

Here, α=α2=h2/(h1+h2) is the relative thickness (layer fraction) of the second layer where h1 and h2 

are the thicknesses of first and second layers, respectively, and h=h1+h2 is the total thickness of 

the multilayer. iG
~

 is the strain modified energy that also includes the external electrostatic energy 

(See, Equations 8 or 17). The internal depolarization energy iDE , reads: 
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The average polarization,.  P =αP1 + (1-α)P2. Combining Equations 22-24, the energy 

expression for the multilayer becomes: 
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The dielectric and electrothermal properties can then be calculated for FE-based multilayers 

following the procedure in Equations 10-12 by only replacing single layer polarization value with 

that of the multilayer construct. Depending on the nature of the layers whether they are PE, DE or 

FE and/or the choice of the layer combinations, the strength of coupling will be different and thus 

the resulting electrical properties of multilayers.  

2.3.2 Polydomain Epitaxial Multilayer Films  

The polydomain films considered in this thesis is assumed to be infinite in one of the in-

plane dimensions (P2). Dielectric equations of state follow from combining Equations 16 and 20 

and minimizing the total energy with respect to polarization components ( ,/
~

01  PG  

)/
~

03  PG : 
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Maxwell relation needs to be satisfied in the thin film: 

 0 )( kDjDiD zyx


D  (28) 

where D is the dielectric displacement, xxbx PED  0 , zzbz PED  0 . The electric field 

components are obtained from the electrostatic potential ( ) such that xEx  / and

zEz  / . Also note that P1, P2 and P3 is also denoted as Px, Py and Pz, respectively throughout 

the thesis. Moreover, all the bulk thermodynamic, elastic, thermal and electromechanical 

coefficients for the studied systems are shown in Tables 2 and 3. 

Table 2. Bulk thermodynamic, elastic, thermal and electromechanical coefficients of the 

materials used in this thesis. Data compiled from Refs. 181–185 
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Table 3. CTE of FEs and substrates used in this thesis. 

Film/Substrate TEC, 106 (
1C , T in C ) Ref. 

PZT 50/50 7.26 186 

PZT 40/60 7.47 - 

PZT 30/70 8.04 187 

PZT 20/80 8.96 - 

PZT 10/90 10.23 - 

PZT 0/100 (PTO) 11.86 188,189 

BST 60/40 8.90+7.9010−3T 183 

STO 9.43+3.83610−3T 190 

BTO 8.545+1.061510−2T 191 

Si 
3.725{1-exp[-5.8810-3(T+149)]}+5.54810-

4(T+273) 
192 

c-Sapphire 8.026+8.1710−4T−3.279exp(−2.9110−3T) 193 

 
PZT  

40/60 
PZT 30/70 

PZT   

20/80 

PZT 

10/90 

PZT 

0/100 

(PTO) 

BTO STO BST 

60/40 

)( CTC

  418.4 440.2 459.1 477.1 492.1 383 - -29.2 

)10( 5 CC   2.664 1.881 1.642 1.547 1.500 1.048 - 1.34 

11Q (m4/C2) 0.08116 0.07887 0.08142 0.08504 0.08900 0.110 - 0.0843 

12Q (m4/C2) -0.0295 -0.0248 -0.02446 -0.02507 -0.02600 -0.043 -0.0135 -0.0324 

44Q (m4/C2) - 0.06356 0.06417 - - - 0.00957 - 

11s (
1210

N/m2) 8.6 8.4 8.2 8.1 8 8.310-12 3.729 6.9516 

12s (
1210

N/m2) -2.8 -2.7 -2.6 -2.5 -2.5 -2.710-12 -0.9088 -2.2836 

44s (
1210

N/m2) - 17.5 14.4 - - - - - 

11 (
710 N m6/C4) 3.614 0.6458 -3.05 -5.845 -7.253 

3.6(T-

448) 109 

2.03109 2.16106

T+3.2

108 

111 (
810 N m10/C6) 1.859 2.348 2.475 2.518 2.606 6.6109 - 3.96109 

12 (
810 N m6/C4) - 5.109 6.320 - - - 27.4 - 

112 (
810 N m10/C6) - 10.25 9.684 - - - - - 

123 (
910 N 

m10/C6) 
- -5.003 -4.901 - - 

- - - 

G (10-10 m3/F)  5 5      
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Chapter III. Pyroelectric Properties of Polycrystalline Ferroelectrics 

3.1 Background Information 

Pyroelectric materials have long been employed as single or multi-element passive infrared 

(IR) devices for intrusion detectors, smoldering fire detectors, uncooled thermal imagers, 

radiometers, and gas/laser analyzers.16,194 These detectors are fabricated from either bulk or thin 

film elements.195 The pyroelectric response of such devices is commonly used in two different 

modes of operation. Firstly, for ferroelectric materials operated well below the FE phase 

transformation (Curie) temperature (TC) a pyroelectric current is obtained solely due to the change 

in spontaneous polarization with temperature. Intrusion detectors, gas analyzers are most often 

used in this mode.  Such devices frequently are put into a “sleep mode” when inactive, and waking 

up upon external stimulus, thereby minimizing power consumption.196 Temperature variations and 

their control are not primary concerns in this mode of operation. Secondly, the so-called “dielectric 

bolometer” mode of operation involves using a FE material close to TC, with an electric bias field 

applied, which has the effect of stabilizing a steep temperature dependence of the field induced 

dielectric displacement, and hence induced pyroelectric effect.183,197 The applied field also reduces 

the dielectric loss in the region of TC, which would otherwise be problematic. The bolometer mode 

can be advantageous for certain types of device, especially small element thermal imaging arrays, 

where the high dielectric constant in the region of TC provides an element capacitance that matches 

the input amplifier. The need to operate close to TC necessitates some degree of temperature 

control, although the range of this is determined by the magnitude of the applied field (higher 

applied fields broaden the temperature range of optimum operation). Nevertheless, the need for 

thermal stabilization for dielectric bolometers is disadvantageous in terms of system complexity 
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and power consumption and means that, for most IR sensing applications, the use of FEs well 

below TC provides a wider spectrum of applications. 

FE materials, when deposited in thin film form, can exhibit inferior piezoelectric properties 

compared to bulk and single crystals due internal stresses, the presence of defects, and 

microstructural/compositional inhomogeneities.47,198–201 However, it has been shown that it is 

perfectly possible to obtain pyroelectric properties in FE thin films which compare very well with 

those of bulk pyroelectric ceramics202, presumably because such properties are intrinsic to the 

lattice and less dependent upon extrinsic effects such as domain wall motion than piezoelectricity. 

Such thin films offer significant advantages in terms of mass producibility, integration with other 

microelectronic devices, and lower processing costs. The lower heat capacity of thin films 

compared to their bulk counterparts improves the time response and sensitivity of the pyroelectric 

devices because a larger temperature rise is achieved for given IR flux, thereby resulting in larger 

spontaneous voltage. Furthermore, it is possible to operate thin films (as dielectric bolometers) at 

high bias fields due to their relatively higher dielectric breakdown strengths and coercive fields.203–

206  

In order to integrate FE films into standard silicon-based integrated devices, the selected 

synthesis method through which the pyroelectric films are deposited should be compatible with 

conventional integrated circuitry (IC) as a post process, which means depositing the films below 

500°C.207,208 While there have been significant advances in industry-standard thin film growth 

techniques such as rf-sputtering, metal-organic chemical vapor deposition (MOCVD), and metal-

organic solution deposition (MOSD); IC compatibility and cost considerations require that these 

films be deposited onto fully processed and metallized Si as end-of-line processes. This restriction 

may give rise to substantial material performance problems due to the relatively large CTE 
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mismatch between a typical perovskite pyroelectric and Si. For example, in-plane thermal strains 

from the CTE difference may lead to cracking or delamination. In addition, excessively high post-

processing temperatures for too long a period of time may degrade the aluminum metallization, or 

result in doping migration in the active silicon layers. The choice of temperature-time budget for 

the PZT annealing step in the fabrication of fully-integrated pyroelectric arrays thus requires some 

care, but it is feasible and fully working sol-gel fabricated integrated pyroelectric arrays have been 

demonstrated.203 The typical room temperature pyroelectric coefficients of polycrystalline PZT 

thin films on Si or metallized Si substrates for Ti-rich compositions are summarized in Table 

4.203,209–222 Specific details corresponding to the Ti composition, synthesis method, processing 

temperatures, film thickness, and texture are provided in this summary. Table 4 shows that PZT 

30:70 films that have a predominantly (111) texture yield the highest pyroelectric coefficients 

corresponding to ~0.02 μCcm-2°C-1.202,203,217 

  

Table 4. Summary of pyroelectric properties of typical polycrystalline PZT thin films on Si 

substrates (Ti-rich compositions). Also included in the list are the deposition method, deposition 

parameters, texture, and film thickness.223 

Compo-

sition 

(Zr/Ti) 

Orientation

/ Texture 
Substrate Method 

Processing 

Temperature 

(°C) 

Pyroelectric 

coefficient 

(μCcm-2°C-1) 

Thick-

ness 

(nm) 

Ref. 

30/70 

Highly 

(111)  

Si/Ti/Pt 

 

Sol-gel 

 

510 0.030 

1000 203 
30/70 ≈500-510 0.020-0.029  

25/75 510 0.022 

20/80 510 0.018 

15/85 
(111) – 80% 

Si/Ti/Pt Sol-gel 580-650 
0.022 

1000 209 
(100) – 48% 0.019 

25/75 (111) Si/Ti/Pt Sputtering 450 0.020 
400-

1000 

210,21

1 

30/70 
Highly 

(111) 
Si/Ti/Pt Sol-gel 530 0.021 700 212 

30/70 Random Si/Ti/Pt Sol-gel 650 0.001 @50°C 500 213 

30/70 Random Si/Ti/Pt Sol-gel 600 0.040 550 214 
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The total polarization (spontaneous and induced) and its temperature dependence, defined 

through the pyroelectric coefficients, are intimately coupled with internal strains within the 

materials.186,204 As such, the electrical and mechanical boundary conditions are determined by the 

choice of a particular pyroelectric material, the substrate, the electrode configuration (top and 

bottom electrodes in a planar configuration or interdigitated electrodes), and processing conditions. 

There have been numerous theoretical and experimental studies that demonstrate the impact of 

residual strains which may result in deleterious effects on the FE thin film properties.56,198,199,224–

227 Prior work also shows that the pyroelectric properties of FE thin films can be optimized through 

engineering misfit and thermal strains.186,204,228,229 For example, theoretical studies of BST films 

on Si and sapphire substrates indicate that the pyroelectric response of these films may vary with 

film composition, the substrate material, and the processing temperature.183,204 

3.2 Monodomain Single Layer Thin Films 

In this section, the pyroelectric properties of PZT films on Si are investigated before 

discussing the properties of multilayers. The effect of thermal strains, film texture and film 

composition on the pyroelectric properties are discussed.  

40/60 (110) – 93% Si/LNO/Pt Sputtering 650 
0.078 (avg.) 

0.109 (max.) 
500 215 

30/70 Random Si/Ti/Pt Sol-gel 600 0.025 

 

550 

 

216 

30/70 
Highly 

(111) 
Si/Ti/Pt Sol-gel 480 0.018 800 217 

30/70 Random Si/Ti/Pt Sol-gel 640 0.029 450 218 

30/70 (100)/(111) Si/Ti/Pt Sol-gel 530 or 560 0.032 1000 219 

30/70 Random Si/Ti/Pt Sol-gel 560-700 0.010-0.017 450 220 

30/70 N/A Si/Ti/Pt Sol-gel 650 
0.018 @ 

260°C 
N/A 221 

25/75 
(100)/(111) 

Si/Ti/Pt 
Sol-gel 750 0.021 

N/A 222 
(111) Sputtering 600 0.020 



40 

 

Figure 6 shows the temperature dependent out-of-plane polarization of polycrystalline bulk 

PZT. Bulk PZT is chosen as the reference for comparing the properties of PZT thin films. PZT 

40/60 and 30/70 exhibit second order phase transitions as dictated by the positive signs of the 

quartic dielectric stiffness coefficients. Conversely, the order of the phase transition changes for 

high Ti compositions (PZT 20/80, PZT 10/90, PZT 0/100). It is also seen that increasing the Ti 

composition enhances the polarization and shifts the phase transition to higher temperatures, for 

the case of single domain state films. Strain-induced shifts in the phase transition temperature of 

FEs have been determined theoretically and experimentally.19,183,199,230 The polarizations of (001)-

textured PZT films on Si as a function of temperature are plotted in Figure 6(b) at a TG of 550°C. 

From Figure 6(b), the phase transitions of PZT films shift to lower temperatures compared to their 

bulk counterparts and become second order for all compositions due to modification of the 

quadratic dielectric stiffness coefficient as given through Equation 17. Such shifts have also been 

predicted via phase field models.168 The thermal strains are tensile in nature, since the CTE of PZT 

films are higher than Si for all compositions in the temperature range (25-800°C) investigated in 

this study. Thermally-induced tensile strains couple with polarization and suppress it by 

counteracting to some extent the electrical dipole separation in the PZT films. 
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Figure 6. Temperature dependent polarization of (a) bulk, polycrystalline PZT and (b) (001)-

textured PZT on Si (TG=550°C) at various compositions.185 

While the pyroelectric coefficient is the slope of the spontaneous polarization with 

temperature when operating significantly below the Curie temperature, a large absolute value of 

the polarization is also required to achieve good signal to noise in the readout IC of an IR focal 

plane array (FPA). As seen from Table 4, the processing temperature of PZT films on Si is reported 

to be roughly in the range between 500-750°C. Therefore, the behavior of the polarization must be 

investigated over a wider temperature range in order to fully elucidate the effects of thermal strain. 
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Figure 7 plots the [001] polarization of PZT films on Si as a function of TG in 25-800°C range. As 

expected, the spontaneous polarization is greater for lead titanate (PZT 0:100, PT) films compared 

to other PZT compositions. The TEC mismatch between the film and the substrate is more 

pronounced as the Ti composition is increased and reaches a maximum for PT films. Accordingly, 

the polarization drops more drastically for PT with increasing TG (i.e. the slope of P vs. TG) due to 

a build-up of a larger amount of tensile strain. On the other hand, polarization of PZT 40/60 films 

is found to be even more sensitive to TG although it has the lowest TEC among the films; a fact 

that can be attributed to the closer proximity of its TC to RT [Figure 6(b)]. Consequently, it is 

important to note that the polarization of PZT films depends on the complex interplay between TG 

and the film composition; both of which determine the magnitude of tensile strains and the phase 

transformation temperature. 
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Figure 7. [001] polarization of PZT thin films with different Ti composition as a function of the 

processing temperature.185 

The effects of thermal stresses on the RT pyroelectric properties of PZT thin films on Si as 

a function of TG are illustrated in Figure 8. The bulk values of PZT for the same compositions 

under zero bias fields are also indicated for comparison. Bulk single-domain PZT 40/60 has the 

highest pyroelectric coefficient (0.042 μCcm-2°C-1); with an increase in Ti composition producing 

a deleterious effect on pyroelectric properties. On the other hand, for PZT thin films, there is also 

a composition (PZT 30/70) wherein a comparable pyroelectric response is observed. This latter 

composition is attractive in that it offers nearly a 20% larger spontaneous polarization compared 

to the 40/60 composition. Figure 8 also reveals that it is possible to improve upon the pyroelectric 

performance of bulk which has been reported for FE films and heterostructures in previous 
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studies.183,231–233 The high pyroelectric response of the PZT 30/70 can be explained because the 

phase transformation temperature is sufficiently remote from RT to achieve a relatively large 

polarization, yet at the same time close enough to allow substantial polarization change with 

temperature. We note that experimentally PZT films on Si substrates contain polydomain 

microstructures that form so as to relax thermal stresses due to the TEC mismatch and the 

transformational stresses due to the FE-PE phase transformation at TC.23,234–240 Several studies have 

been reported which provide a rigorous analysis of polydomain heterostructures in epitaxial FEs 

taking into account these (volumetric) sources of internal stresses as well as localized strain fields 

near defects using thermodynamic models and phase-field approaches.168,224,241,242 Therefore, to 

describe the experimental observations, more sophisticated models need to be developed to 

describe the effect of grain and domain boundaries, grain texture, and the extrinsic contribution to 

the pyroelectric coefficient resulting from reversible domain wall motion. 
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Figure 8. Pyroelectric coefficients of PZT thin films on Si for five compositions as a function of 

the processing temperature. The arrows indicate pyroelectric coefficients of bulk PZT under zero 

bias field.185 

The effect of a biasing electric field on pyroelectric coefficient of PZT films grown on Si 

at 550°C is demonstrated in Figure 9. An externally applied electrical field normal to the film/ 

substrate interface changes the free energy density as defined through Equation 8. The applied 

electric field smears the phase transformation at TC, thereby reducing the slope of the polarization 

vs. temperature curve and hence the pyroelectric response. A summary of our findings is illustrated 

in Figure 10 for PZT films on Si processed at 400, 550, and 700°C respectively. These 

temperatures were selected because they represent the typical minimum and typical maximum 

processing temperatures thus covering the whole processing temperature range reported in the 

literature (Table 4). Regardless of the electric field strength (50-200 kV/cm), PZT 30/70 films have 
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the highest |p| with the pyroelectric properties of PZT films optimized by controlling both TG and 

the Ti composition.  

 

Figure 9. Pyroelectric coefficients of (001)-textured polycrystalline PZT films (TG=550°C) for 

five compositions as a function of the applied bias field.185 
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Figure 10. Pyroelectric coefficient of PZT thin films on Si grown/processed at (a) 400°C, (b) 

550°C and (c) 700°C as functions of Ti composition and the applied electric fields.185 
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The calculated RT pyroelectric coefficient for PZT 30/70 grown at 550°C under zero 

electrical field is approximately 0.04 μCcm-2°C-1; almost two times larger than for PZT films of 

other composition processed around the same temperature. It should be emphasized that the result 

of the calculations presented herein is for the films which are assumed to be perfectly (001)-

textured. In addition, many IR FPAs have partially released air bridge structures which partially 

diminish the effects of in-plane strains. Lastly, many films grown on platinized Si substrates with 

titanium adhesion layers adopt a highly textured (111) orientation.203 In other words, the 

polarization and pyroelectric vector components are along [111] and therefore, lower than the 

maximum allowable values obtained from [001].203,209,217,227,243–246 In order to assess the 

contribution of [111]-aligned dipoles in our analysis, as a first-order approximation, the calculated 

polarization values and pyroelectric coefficients can be normalized by 1/√3 to account for 

geometrical considerations.209,247 This simple assumption decreases the computed pyroelectric 

coefficient to ~0.02 μC cm-2° C-1 in agreement with the experimental findings of (111)-textured 

films listed in Table 4. However, to fully describe the polarization along [111] with biaxial in-

plane strain as defined in Section 2.3, a more complicated thermodynamic analysis taking into 

account the anisotropic nature of the mechanical boundary conditions has to be employed.239,248 It 

is also obvious that it is necessary to find synthesis routes that will result in [001] oriented PZT 

films on Si to maximize the pyroelectric response.  

3.3 Pyroelectric Properties of Ferroelectric-Dielectric Multilayers 

 It has been shown experimentally that adding a linear DE buffer layer will improve leakage 

and loss characteristics of ferroelectric devices under high field.249–252 For example, BaxSr1-xTiO3 

(BST) films grown on sapphire with a 9 nm SrTiO3 (STO) buffer layer has a lower leakage current 

(~1x10-8 A/cm2 at 0 V) compared to a BST monolayer with no buffer layer (~1x10-7 A cm-2 at 0 
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V).253 These and other reports motivate investigation of the consequences of interposing a high 

quality DE (e.g., Si3N4, or similar) between a material of lesser breakdown strength and the 

electrodes to make a multilayer.254 However, the dielectric properties of such a multilayer will 

depend strongly upon the material with the smaller relative permittivity. Here, the pyroelectric 

properties of PbZr0.2Ti0.8O3 [PZT(20/80)] as a prototypical FE and various DE buffer layers 

including alumina (Al2O3), silica (SiO2), silicon nitride (Si3N4), hafnia (HfO2), and titania (TiO2) 

are investigated using the formalism laid out in Sec. 2.2. The dielectric stiffness coefficients, elastic 

compliances and CTEs of PZT and Si can be found in Ref.255 

Figure 11(a) shows the schematic of the PZT-DE system considered in current analysis. 

Figure 11(b) shows the average out of plane polarization of PZT 20/80 films for TG=550°C as a 

function of Al2O3 layer fraction on metallized Si. The net polarization decreases rapidly with 

increasing thickness Al2O3 due to the large polarization mismatch between the FE and DE layer. 

Specifically, at a critical DE thickness of only ~2% of the PZT, PS vanishes in the absence of a 

bias field. Application of an electric field to compensate for the polarization decay shifts the critical 

thickness to a larger value. Conversely, εR and p of the composite structure gradually increases 

with increasing Al2O3 layer fraction as can be seen in Figures 11(c) and 8(d). This seemingly 

counterintuitive finding is due to the electrostatic coupling between layers and a shift in the Curie 

temperature to lower temperatures as a result of the thermal strain between the FE and the 

interposed DE layer. A detailed discussion of these two factors is provided in the later parts of the 

paper. In the example shown in Figure 11, an abrupt change of spontaneous polarization at the 

critical buffer layer fraction increases εR of bulk PZT from 85 to 310 for structures with 1% Al2O3 

interposed between a platinum coated films clamped on Si substrate with a growth temperature 

TG=550°C. Figure 11(d) plots the pyroelectric coefficient of PZT-Al2O3 bilayers as a function of 

the buffer layer fraction. Adding a DE layer to PZT films drastically improves the pyroelectric 
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properties such that a bilayer composed a PZT film with 1% Al2O3 is expected to have a 

pyroelectric coefficient of 0.070 µCcm-2°C-1 which is 80% higher than the value computed for 

PZT 20/80 monolayer on Si. Calculations for Si3N4 as the buffer layer yield similar results. For 

PZT with TG=550oC, the critical fraction of Si3N4 is 1.75%. This is because the bulk dielectric 

permittivity of Si3N4 and Al2O3 are similar (7 and 8, respectively). For a bilayer with Si3N4 fraction 

equal to 1%, εR and the pyroelectric coefficients are ~360 and 0.078 µCcm-2°C-1. The above 

findings are consistent with the fact that active electrocaloric and pyroelectric thin film devices 

often have active FE layer thicknesses of ~1000 nm, whereas the thicknesses necessary to achieve 

high DE field breakdown strengths in interposed DE layers are often on the order of 1-10 nm, 

making these results encouraging for the next generation pyroelectric and electrocaloric devices.  
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Figure 11. (a) Schematic of a PZT 20/80 film with an Al2O3 buffer layer on Si. Room 

temperature (b) polarization, (c) small signal relative dielectric permittivity, and (d) pyroelectric 

coefficient curves of PZT 20/80 as a function of Al2O3 layer fraction for TG=550°C on Si for 

E=0, 50, 100, 150, and 200 kV/cm.255 

The relationship between the dielectric and pyroelectric properties as a function of the 

buffer layer fraction for four different DEs is shown in Figure 12. The structure of bilayers with 

SiO2, HfO2 and TiO2 is identical to the one shown in Figure 11(a). An electrical anomaly can be 

seen at a critical layer fraction with an increase in both the pyroelectric coefficient and εR. For 

alumina, this critical fraction is about 1.95%. For SiO2, Si3N4, HfO2 and TiO2 these layer fractions 
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are approximately 1.10%, 1.75%, 5.00%, and 20.40%, respectively. As seen, the dielectric 

properties depend on the layer fraction.  

Having a multilayer structure results in disappearance of ferroelectricity at a temperature 

lower than the bulk transition temperature. A concurrent increase in ԑR and p may not be 

necessarily desirable in applications that demands high-voltage responsivity. This is usually the 

case for most large area pyroelectric elements that are used in pyroelectric devices. In addition, the 

signal-to-noise ratio of the pyroelectric element depends on the dielectric losses.256,257 However, 

materials with high pyroelectric coefficients may improve the performance of small pyroelectric 

detectors operating at relatively high frequencies where a high current responsivity (high-gain) is 

crucial.16 The figure of merit depends on the specific application, for instance, whether it is used 

in solid-state heating/cooling or in IR sensing. Regardless of the application, however, low-loss, 

low leakage currents, and high breakdown strength are important materials parameters. These 

cannot be determined from the quasi-static theoretical methodology presented in this study.  

The loss of stability of the FE phase originates from the internal fields given in Equations 

22-24 that describes the electrostatic coupling between the layers. The presence of depoling fields 

as a result of a polarization mismatch between the FE and the dielectric layer works against the 

stability of the FE state in the heterostructure. This, however, should not mean the suppression of 

ferroelectricity beyond the critical fraction. It can be maintained by the formation of electrical 

domains or by the transport of charged defects to the interlayer interface to screen the internal 

electric field resulting from the polarization mismatch between layers.56,200,258 We also note that 

the present model does not take into account trapped (bound) charges and interfacial dislocations 

which may relax internal stresses due to lattice mismatch in epitaxial heterostructures. 

Furthermore, the interfacial energy due to polarization gradients at the interlayer interface is 
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neglected in Equation 8 when computing the equilibrium properties of the bilayers. This is a valid 

assumption if the individual layers that make up the multilayer are thicker than the correlation 

length of ferroelectricity (~1-10 nm). For ultrathin superlattices the energy of polarization gradient 

near the interfaces should be included in the free energy function. Regardless of its limitations, the 

variations of this formalism employed here have been used to explain experimental observations 

that show anomalies in second-order properties and vanishing polarization at critical layer 

fractions in a wide variety of FE multilayers and superlattices.116,119,126,127,253,259,260 As such, this 

relatively simple model can be utilized to guide experimental work on the design of multilayer 

heterostructures for pyroelectric applications. Prior investigations by the IC and MEMS 

community have shown that the dielectric strength of DE films may be increased nearly tenfold 

by interposing high breakdown strength DEs of 1-10 nm thickness.254 Such studies, together with 

the findings of current study suggest that the performance of pyroelectric based energy conversion 

devices (thermal to electric and electric to thermal) could benefit from this approach as well.  

Experimentally, dielectric barrier layers often act to reduce, rather than increase the 

dielectric permittivity, as might be expected based on simple dielectric mixing rules that do not 

take into account electrostatic coupling between layers. The FE may form domain structures that 

do not conform to the implicit assumptions utilized in the thermodynamic modeling described 

above. Consequently, in order to actively employ the advantages associated with the dielectric 

buffer layer, it would be necessary to ensure that the film remains polarized out-of-plane. This 

could be achieved, practically, for example, by utilizing films with large levels of imprint, or by 

deliberately trapping a large amount of charge at one of the dielectric/metal interfaces. 
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Figure 12. Pyroelectric coefficient and relative dielectric permittivity of PZT 20/80 as a function 

of (a) Al2O3, (b) SiO2, (c) HfO2, and (d) TiO2 layer fractions for TG=550°C on Si at E=0 

kV/cm.255 
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3.4 Pyroelectric Properties of Ferroelectric-Ferroelectric and Ferroelectric-

Paraelectric Multilayers 

The schematic of the multilayer constructs considered in this section is shown in Figure 

13. PZT/BTO and PZT/STO configurations are chosen to investigate the properties of FE-FE and 

FE-PE multilayers, respectively. Since the polarization values are different for a PE and a FE 

(polarizability), it is expected that the internal fields in both types of heterostructures is expected 

to be different and hence the resulting pyroelectric properties. The dielectric stiffness coefficients, 

elastic compliances and CTEs of BTO, STO, PZT and Si can be found in Ref.261 

 

Figure 13. Schematic BTO- and STO-PZT 20/80 bilayers and on a relatively thick Si substrate 

sandwiched between top and bottom metallic electrodes. 

The average out-of-plane polarizations and pyroelectric coefficients of BTO-PZT and 

STO-PZT multilayers on Si at RT are plotted in Figure 14. TC of BTO monolayer films (αPZT =0) 

for TG=600°C on Si is –101°C, which is 219°C lower than the stress-free bulk value of 120°C. The 

shift of TC to lower temperatures is related to in-plane tensile strains that develop during cooling 

from TG to RT.  Such variations in TC due to tensile strains have been observed experimentally in 
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polycrystalline FE films.19,262–264 Therefore, BTO is in a PE state for TG=600°C as indicated in 

Figure 14(a) for αPZT=0. With increasing fraction of PZT in the multilayer construct, electrostatic 

interactions become sufficiently large to induce FE in both layers. This occurs at a critical PZT 

layer fraction αC such that for αPZT>αC, the heterostructure has a non-zero spontaneous polarization, 

<PS>. On the other hand, the polarization profiles of multilayers made up of STO and PZT look 

slightly different [Figures 14(c)]. A higher critical PZT layer fraction (αC=0.65) is required for 

STO-PZT multilayers compared to BTO-PZT since electrostatic coupling between PZT and STO 

is weaker. This is because the induced polarization in STO from the internal electrostatic field is 

smaller due to the relatively smaller dielectric constant of STO compared to BTO. The relative 

small signal dielectric constants of STO and BTO for thermal strains corresponding to TG=600°C 

on Si are 241 and 1270 respectively; hence, <P> of STO-PZT multilayers in the FE state vanishes 

at a much higher αPZT than BTO-PZT multilayers. In order to obtain a substantial total polarization 

from STO-PZT heterostructures, PZT-rich multilayer constructs (0.65<αPZT<1) should be 

preferred. Electrostatic interactions also change the phase transition characteristics of the 

heterostructures by altering TC of the layers; this is consistent with the discussion above.265  
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Figure 14. (a) and (c) display the average RT polarization of BTO-PZT 20/80 and STO-PZT 

20/80 heterostructures as a function of αPZT and its dependence on applied electric field parallel 

to the polarization (z-) direction. (b) and (d) show the total RT pyroelectric coefficient of 

heterostructures with polarizations given in (a) and (c). TG was taken to be 600°C in these 

calculations. The insets to (b) and (d) illustrate the pyroelectric response in the vicinity of the 

polarization anomaly. There is a significant enhancement of the pyroelectric coefficient over 

monolithic PZT. 

Electric field dependent RT pyroelectric coefficients of BTO-PZT and STO-PZT 

multilayers on Si as a function of PZT layer fraction are plotted in Figures 14(b) and 11(d), 

respectively. Zero field pyroelectric coefficient of both multilayers exhibits a jump near αC. The 

pyroelectric coefficients of BTO-PZT and STO-PZT multilayers are ~0.45 μC cm-2 °C-1 at 
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αPZT=0.26 and αPZT=0.65, respectively. This value, which is an order of magnitude larger than the 

pyroelectric response of PZT monolayers on Si (pPZT=0.041 μC cm-2 °C-1), clearly indicates a 

marked improvement in the pyroelectric properties. When multilayers are in a PE state, i.e., αPZT 

<αC, a pyroelectric response can only be realized under bias. For example, the pyroelectric 

coefficient of 0.84×BTO-0.16×PZT multilayers under 50 kV cm-1 bias is 0.15 µC cm-2 °C-1, see 

inset in Figure 14(b). This value is significantly larger than the pyroelectric response of monolithic 

BTO and PZT on Si (at 50 kV/cm, pBTO=0.035 μC cm-2 °C-1and pPZT=0.038 μC cm-2 °C-1). Another 

interesting feature for BTO-PZT multilayers is that the anomaly at αC is shifted to lower numbers 

with a broadened pyroelectric response under moderate fields (0-100 kV/cm). These calculations 

suggest that if the pyroelectric detector is designed to work in the bolometer mode, the layer 

fraction of PZT can be adjusted for a specific operating field in the low field regime (0-100 kV/cm) 

to optimize pyroelectric properties.  

As shown, RT pyroelectric properties of PZT-based multilayers on Si can be tailored 

depending on the choice of the mating layer and the PZT layer fraction. The key observation of 

this is how the multilayer structure/geometry, in particular the role of electrostatic interactions 

between the FE and PE layers, can influence the phase transition characteristics driving enhanced 

thermal and electrical susceptibility of the composite structure. Based on this insight, the BTO-

PZT system may be a good candidate material for IR applications, since the multilayers can operate 

with or without a bias depending on αPZT with large pyroelectric coefficients. 
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CHAPTER IV. Dielectric Properties of Polycrystalline 

Ferroelectrics 

4.1 Dielectric Properties: Background Information 

Non-linear dielectric materials have been considered as voltage-controlled frequency-agile 

elements in tunable microwave and millimeter wave devices such as capacitors, phase shifters, 

resonators and oscillators.12 FEs such as BST have emerged as leading candidates for such 

applications due to their highly non-linear dielectric response to an applied electric field, especially 

in the vicinity of the PE-to-FE phase transformation temperature TC.266–269 In BST, TC can be 

controlled via the composition. For example, bulk TC of BST 70/30 (Ba0.70Sr0.30TiO3) is just below 

room temperature (~15oC).266 As such, FEs and, in particular, BST, have been investigated for 

over a decade as potential candidates in tunable components in telecommunications since the 

utilization of DC fields for tuning improves the response speed and the power consumption of the 

device.270,271 The major challenge in designing materials systems for tunable devices is the 

simultaneous requirement of high tunability (>40%) over a large temperature interval (-20oC to 

+85oC), and low dielectric losses (between 3.0-4.0 dB in operational bandwidths ranging from 

several hundred MHz over 30 GHz).14,272,273 It is usually desired in telecommunication applications 

that FEs are in a PE state to eliminate losses resulting from polarization switching-induced 

hysteresis, domain wall contributions, and piezoelectric transformations at microwave 

frequencies.273,274 Nevertheless, there are reports of acceptable dielectric properties in the FE state 

as well.273–276 Significant efforts have been devoted to maintain high dielectric tunability and to 

decrease dielectric losses through doping and by constructing a variety of composite structures 

consisting of FE-PE active materials and heterostructures, low-loss and low leakage oxides and 
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polymers.115,265,277–280 The dielectric properties of such heterostructures are investigated in the 

following sections. 

4.2 Dielectric Response of Ferroelectric-Paraelectric Multilayer Films  

A FE-PE multilayer configuration is chosen for investigation of the dielectric properties of 

heterostructures. BST, BTO and PZT are considered as FE layers, whereas STO is assumed to be 

the mating layer. The structure of the multilayers is identical to the one illustrated in Figure 13. A 

freestanding multilayer (film without any substrate, bulk) configuration is chosen as the reference 

state to understand the role of two-dimensional clamping and thermal stresses on the dielectric 

properties more clearly.  

Figures 15 and 16 plot the small signal εR of the multilayers with BTO and BST as the FE 

layers respectively on Si and c-sapphire. As shown in Figure 15, RT εR of unconstrained (bulk) 

BST is over 2400, whereas the dielectric response of films with αSTO=0.1 on Si and c-sapphire for 

TG=550°C are 554 and 683, respectively. This is expected since thermally-induced in-plane tensile 

strains and the interlayer coupling both decrease TC of the FE in such a multilayer configuration. 

Therefore, such electrical and mechanical boundary conditions are particularly detrimental for the 

dielectric response if the FE is already in the PE state as it is the case for BST 60/40 at RT, Figure 

15. As TC moves far below RT in the clamped, in-plane strained condition, an appreciable 

polarization change cannot be induced upon the application of a biasing field. This is especially 

critical for films processed at higher TG’s, since the dielectric maximum, corresponding to the FE-

PE phase transition, is shifted to lower temperatures. This is clearly observed in Figure 15; a lower 

TG results in higher εR values on both substrates. For example, if TG could be decreased from 700°C 

to 550°C for BST on Si with αSTO=0.1, we expect that there will be approximately 24% 

enhancement in εR. Figure 15 also shows that employing STO buffer layers reduces εR of the 
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heterostructure with increasing αSTO since εR of STO is lower than BST. This decrease is non-

linear, clearly highlighting the role of electrostatic coupling between BST 60/40 and STO. For the 

dielectric properties of BTO monolayers (αSTO=0), the choice of the substrate and TG become more 

critical (Figure 16). This is entirely due to the shift of the bulk TC (120°C281) to lower temperatures. 

As an example, changing TG from 625°C to 475°C for BTO on c-sapphire results in a 51°C 

difference in their transition temperatures (TC,625°C=-46°C and TC,475°C=+5°C). Very high dielectric 

permittivity values can be obtained near the instability from BTO on c-sapphire at a critical 

TG=475°C. Figure 16 also shows that the dielectric anomaly in unconstrained but electrostatically 

coupled heterostructures disappears if such bilayers are on c-sapphire and Si due to the in-plane 

tensile thermal strains and the clamping effect of the substrate. Even at a low TG such as 400°C, 

the magnitude of the thermal strains are sufficient to promote a PE state at RT in the BTO layer 

on both Si and c-sapphire. Therefore, BTO-STO displays similar behavior to BST 60/40-STO 

multilayers in that overall εR deteriorates as with increasing αSTO as a result of the shift of TC with 

respect to RT. 
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Figure 15. Small signal mean relative dielectric permittivity of polycrystalline BST 60/40-STO 

multilayer as functions of TG and STO layer fraction on Si and c-sapphire substrates. 
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Figure 16. Small signal mean relative dielectric permittivity of polycrystalline BTO-STO 

multilayer as functions of TG and STO layer fraction on Si and c-sapphire substrates. 

Figure 17 plots RT small signal εR of PZT 20/80-STO multilayers on Si and c-sapphire as 

a function of TG and the STO layer fraction. PZT was chosen as the last example in our analysis 

because its bulk, unconstrained TC (459°C187) is substantially higher than that of BST 60/40 and 

BTO. The dielectric response of PZT 20/80 as a function of αSTO in both unconstrained and thin 

film configurations exhibits a similar trend for all TG. The critical αSTO varies between 0.2-0.4 

depending on TG. The monotonic decrease in εR as a function of αSTO shown in Figures 15 and 16 

for BST and BTO on Si and c-sapphire is not observed for PZT 20/80 on the same substrates. This 

means that it is feasible to obtain a very strong dielectric response in PZT-STO heterostructures 

near the instability at a critical αSTO that depends on the processing temperature, TG.  
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Figure 17. Small signal mean relative dielectric permittivity of polycrystalline PZT 20/80-STO 

multilayer as functions of TG and STO layer fraction on Si and c-sapphire substrates. 

The influence of an applied bias along the z-direction on the small signal εR and dielectric 

tunability (ƞ=1-(εR,E/εR,E=0)100, at E=400 kV/cm) of BTO- (αSTO=0.1), BST 60/40- (αSTO=0.1), 

and PZT 20/80-STO (αSTO=0.35 and 0.40) multilayers on Si and c-sapphire for TG=700°C is 

illustrated in Figures 18 and 19 respectively. The justification for the selection of αSTO follows 

from Figures 15 and 16. High tunabilities over 60 and 90 % at 400 kV/cm can be realized in BTO- 

(αSTO=0.1) and PZT-STO (αSTO=0.35 and 0.4) multilayers respectively at TG=700°C which is a 

typical processing temperature for perovskites.  
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Figure 18. Small signal mean relative dielectric permittivity of (a) PZT 20/80 (for αSTO=0.35 and 

0.4) and (b) BTO (for αSTO=0.1), BST 60/40 (for αSTO=0.1) on Si and c-sapphire for TG=700°C. 
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Figure 19. Dielectric tunability of BST 60/40 (for αSTO=0.1), BTO (for αSTO=0.1), and PZT 20/80 

(for αSTO=0.35 and 0.4) on Si and c-sapphire at E=400 kV/cm for TG=700°C. 

It should be emphasized that introducing STO buffer layers to improve loss and leakage 

characteristics of BST films decrease their εR, as it has been observed experimentally.260 Therefore, 

BST or BTO multilayer configurations with thin PE buffer layers on IC compatible substrates 

should be understood as a compromise between loss and leakage and dielectric permittivity and 

tunability. On the other hand, PZT-based FE-PE heterostructures offer an opportunity to tailor 

desired dielectric response near the instability by varying αSTO at a given TG. Although such an 

enhanced dielectric response is extremely beneficial, as in the case of the BST and BTO multilayer 

configurations, to be useful in practical tunable device configurations the exceptionally high 

dielectric response of the PZT-based heterostructure must also be accompanied by low dielectric 

loss, low leakage current characteristics, and high breakdown field. Nevertheless, the fact the 
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ferroelectric instability can be tuned as a function of PE buffer layer thickness and process 

temperatures opens a new region of materials process parameter space to be explored and exploited 

for voltage-controlled frequency-agile elements in tunable microwave and millimeter wave 

devices. 
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CHAPTER V. Electrocaloric Properties of Polycrystalline Thin 

Films 

5.1 Electrocaloric Properties: Background Information 

The EC effect is the reversible adiabatic heating/cooling of a system by 

application/removal of an electric field. It is analogous to magnetocaloric and elastocaloric 

responses for which the external stimuli to induce a temperature change are magnetic and strain 

fields, respectively. All caloric properties of ferroic materials are attributed to a change in the 

entropy density through alignment of dipoles and/or structural alterations on the atomic, molecular, 

or microstructural level.17,18,282–284 Electrocaloric materials (ECMs) have been investigated 

extensively as potential solid state cooling elements in devices with higher efficiency and offering 

more environmentally-friendly refrigeration compared to existing vapor compression/expansion 

technology.282 The EC response and its converse effect pyroelectricity are described by the same 

property coefficient given in Equation 7. A number of ECMs have been proposed for 

electrothermal applications, including, but not limited to, FE and anti-ferroelectric ceramics, 

polymers, and copolymers, in bulk, single crystal, and thin film forms.18,282,283,285  

Early attempts to investigate the EC effect were made for FE bulk ceramics. The observed 

adiabatic temperature change ΔT of a couple of degrees is not sufficient for these materials to be 

utilized in device applications.285–287 The major obstacle in obtaining high ΔTs from bulk materials 

is related to the magnitude of electric fields that can be applied and their relatively low dielectric 

breakdown strength. In 2006, the observation of ΔT~12K at 776 kV/cm from a thin film FE 

propelled renewed interest in ECMs.288 Since then, there have been many experimental288–291 and 

theoretical292–295 attempts to investigate the EC effect of thin films. ΔTs as high as 40K have been 
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reported at large fields exceeding the breakdown strength of bulk materials. Thin films not only 

permit high fields, but also they can be integrated with microelectronic devices which is promising 

for the realization of on-chip EC micro-cooling systems. The EC effect can be seen as the inverse 

pyroelectric effect which is described by the same property coefficient Equation 7. The 

improvement in pyroelectric properties of multilayers has already been shown in Chapter III. 

Therefore, it is interesting to see whether such improvements can also be realized for EC properties 

as well. 

5.2 Electrocaloric Response of Ferroelectric-Ferroelectric and Ferroelectric-

Paraelectric Multilayer Films 

Two specific types of multilayers were investigated for this section; a FE layer (in bulk) is 

chosen as the mating layer for PZT, whereas a PE layer is coupled with PZT in the second example. 

Since the latter electrostatic interaction is stronger than the former, the resulting electrothermal 

response is expected to be quite different as shown in the pyroelectric properties of such 

heterostructures in Chapter III. Quantitative results are provided and electrothermal properties of 

multilayers are compared with each other and with respect to PZT monolayers. 

The heat capacity of BTO-PZT and STO-PZT bilayers are shown in Figure 20. There is a 

jump in the heat capacity at the critical layer fraction without an applied field as expected; since 

the FE state becomes stable in the bilayer as can be seen from Figure 14(a) and 14(c) (Note that 

the same systems in these figures are also considered in this section). The heat capacity of the 

bilayers smears out upon applying electric field, hence making the heat capacity less sensitive to 

changes in the relative amounts of each individual layer. Nevertheless, the heat capacity values of 

both types of heterostructures are more or less comparable. Lower values of heat capacity are 

required to obtain a higher adiabatic temperature change from a pyroelectric element. This can 
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also be seen from the definition of ΔT from Equation 12. The heat capacity can be tailored, for 

instance by changing the porosity of the pyroelectric element. Reducing the porosity also decreases 

the heat capacity. However, this limits the maximum value of the driving field because of the 

reduced dielectric strength of the material.296  

The RT adiabatic temperature change for BTO-PZT and STO-PZT is plotted in Figure 21 

as a function of initial bias field Ea, electric field difference ΔE=Efinal−Ea, and αPZT. EC effect is 

more pronounced at higher ΔE as expected, since dipoles are aligned more readily at stronger fields 

leading to a higher excess entropy density change. As an example, ΔT of 0.35×STO-0.65×PZT for 

Ea=0 kV/cm is increased almost six times from 0.63°C to 3.17°C with ΔE=500 kV/cm. Although 

the EC response near the dielectric anomaly slightly deteriorates with an initial bias [Ea=50 kV/cm, 

Figure 21(b) and 18(d)], it becomes less sensitive to αPZT. Moreover, the peak at αC is shifted to 

lower and higher PZT layer fractions for field-driven BTO-PZT and STO-PZT multilayers, 

respectively, compared to zero field EC response. Figure 21 shows clearly that it is possible to 

significantly enhance the RT EC properties of PZT by constructing multilayer FE heterostructures. 

For instance, 0.74×BTO-0.26×PZT and 0.35×STO-0.65×PZT bilayers show ~120% and 65% 

increase in the EC response, respectively, compared to PZT films on Si (αPZT=1) for ΔE=500 

kV/cm and Ea=50 kV/cm.  
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Figure 20. RT heat capacities of (a) BTO-PZT and (b) STO-PZT at different bias field as a 

function of PZT layer fraction. 
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Figure 21. RT adiabatic temperature change of (a) BTO-PZT at Ea=0 kV/cm, (b) BTO-PZT at 

Ea=50 kV/cm, (c) STO-PZT at Ea=0 kV/cm, and (d) STO-PZT at Ea=50 kV/cm as functions of 

PZT layer fraction and driving field ΔE. 
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Chapter VI. Ferroelectricity in Epitaxial Thin film Heterostructures 

6.1 Dielectric and Pyroelectric Properties of Ferroelectric Superlattices 

The unique properties of FE-based heterostructures have already been discussed in Section 

1.3.3. The domain structure and phase transition temperature for a FE-based SL has been shown, 

both experimentally and theoretically, to depend on total thickness, layer periodicity and layer 

thickness.122,297–303 In this chapter, the effects of layer periodicity and thickness on the dielectric 

and pyroelectric properties of heteroepitaxial (001) PZT (30/70 and 20/80)-(001) STO 

heterostructures on a STO substrate are presented. The misfit strain for both PZT composition is 

taken as 1%.  

Schematics of the SLs considered here are shown in Figure 22. The first type of 

heterostructure consist of a PZT-STO bilayer repeating unit [Figure22(a)], whereas the other SL 

has STO-PZT-STO trilayer repeating unit [Figure22(b)] which, from now on, is referred to as 

symmetrical unit. The total thickness, L and repeating unit thickness h is fixed for both types of 

films. n=L/h is the number of repeating units. The LGD formalism presented in Section 2.3.3 is 

used for the computations on a square grid that has 0.4 nm nodes. λ is taken as infinite to isolate 

the surface effects. By adopting a finite difference approach, polarization and electrostatic 

potential is solved using Gauss-Seidel and successive-over-relaxation method, respectively. 

Electrodes are assumed to be ideal meaning perfect compensation of bound polarization charges. 

No initial preset domain structure is set so that the system is in a PE state. The epitaxial strain in 

the SL is assumed to be homogeneous.  The effect of strain relaxation in epitaxial FE films through 

misfit dislocation formation can be investigated using a Landau-based analyses as reported 

previously.304,305 
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Figure 22. Schematics of heteroepitaxial PZT/STO heterostructures on STO with a (a) bilayer 

and (b) symmetrical repeating unit. A single unit thickness and total thin film thickness is given 

by h and L, respectively. Here, n denotes number of repeating units. 

6.1.1 Pyroelectric Properties of PZT 20/80-STO Heterostructures 

The number of repeating units (n) for the current example is set at 4 and 8 and the total 

thickness at 72 nm for both types of layers given in Figure 22. So, for the bilayer repeating unit 

example, each individual layer is 9 and 4.5 nm-thick for heterostructures with 4 and 8 repeating 

units, respectively. On the other hand, the individual STO layer thickness is halved for the 

heterostructures that consist of symmetrical units.  

<|Pz|> and <|Px|> (Pz and Px hereafter) are the absolute average values of total polarization 

along the z- and x-axes respectively which are plotted in Figures 23 and 24. The absolute values 

are used since most films are in a multidomain state. The non-zero values of Px below Tc indicate 

the generation of closure domains because of electrostatic considerations even if the FE is 

tetragonal. The starting temperature of strain stabilized Px can be distinguished with sudden change 

in the slope of Px. FE-PE phase transition under low bias (~0 kV/cm) occurs sharply around 700K 

and 500K for the 4 bilayer unit and the 4 symmetrical unit systems, respectively [Figs. 20(a) and 

(c)]. 8-unit structures have a lowered and smeared transition even under small bias regardless of 
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the SL configuration [Figures 23(b) and (d)]. In the 4-unit bilayer and symmetrical unit structures, 

the transition from the PE to FE state is always into the multidomain (MD) configuration at zero 

bias. The former develops closure domains right at the transition yielding a relatively small Px that 

later suddenly changes slope with cooling as the “strain stabilized” Px appears in a range of 

temperatures between 450K and 550K depending on bias [see Figures 24(a) and (c)]. If the SLs 

transform into a multidomain state, as in the case of 4-unit bilayer structures, external bias reduces 

the TC of the stacks. In the 4-unit SL consisting of symmetrical units, the MD formation coincides 

with the appearance of the strain stabilized Px components. In 8-unit SLs, this point is where the 

entire film except the FE layer touching the electrode transforms into a closure domain state. 

Compared to the 4-unit structures, 8-unit structures have lower TC overall as a result of the reduced 

layer thicknesses and 1 to 4 orders of lower Px values suggesting a single domain state in SLs. 
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Figure 23. Field dependent average absolute out-of-plane plane polarizations of 72nm-thick 

epitaxial PZT/STO SLs on STO substrate as a function of temperature for a bilayer configuration 

with (a) 4 and (b) 8 repeating units. (c) and (d) show Pz of 4- and 8-unit symmetrical SLs, 

respectively. The insets in (a) and (c) are the position dependent polarization maps of the 

corresponding heterostructures near TC (~700 K for bilayer and ~500 K for symmetrical). The 

maximum PZ values on insets are 0.01 C/m2. 
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Figure 24. Field dependent average absolute in-plane polarizations of 72 nm-thick epitaxial 

PZT/STO SLs on STO substrate as a function of temperature for a bilayer configuration with (a) 

4- and (b) 8 repeating units. (c) and (d) show Px of 4 and 8-unit symmetrical SLs, respectively. 

 

 Pyroelectric coefficient of the 4 and 8-unit 72 nm-thick SLs is compared with that of a 

single domain (SD), monolayer PZT film at RT and 500K under various values of applied bias in 

Figure 25. The lack of interlayer interaction and the monodomain state of single layer PZT makes 

the pyroresponse insensitive to applied bias. Examining Figure 25(a), the RT response of the 

monolayer PZT is better than the 4-unit SLs overall but the 8-unit SL structures have an enhanced 

and significantly tunable pyroelectric response when the bias is not too high (<70 kV/cm). For 

instance, small bias pyroelectric coefficient of 8-unit symmetrical SLs is ~55% higher than that of 

a zero bias PZT monolayer reaching 0.045 µC cm-2 K-1.  Figure 25(b) shows that tunability of the 
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4-unit and 8-unit structures tend to increase with bias but this time the monolayer PZT has a higher 

response at 500K. In general, regardless of the magnitude of the pyroresponse, the SLs appear to 

have better tunability than the monolayer film.  

 

Figure 25. Field dependent average out-of-plane pyroelectric coefficients of 72 nm-thick 

epitaxial PZT/STO SLs on STO substrate at (a) room temperature (300K) and (b) 500K. 

Pyroresponse of a pseudomorphic, SD PZT monolayer on STO are also indicated in both figures 

for comparison. 

  

Overall, the repeating unit thickness seems to have more substantial effect on the 

pyroelectric properties of PZT-STO superlattices than the unit periodicity. Moreover, the 

pyroelectric tunability of SLs are larger than that of a SD single layer PZT. Of course, a 
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multidomain SL without a bias would yield zero pyroresponse; however, one would still get half 

the pyroelectric coefficient of a single layer PZT by applying a moderate bias (70-140 kV cm-1). 

 

6.1.2 Dielectric Properties of PZT 30/70-STO Superlattices 

In this section the phase transition characteristics and relative dielectric constant of 40 nm-

thick epitaxial PZT-STO heterostructures with n=1, 2, and 4 is investigated. Similar to Section 

6.1.1, the repeating unit symmetries are bilayer and symmetric. The transition temperatures (and 

the amplitude of polarization obtained in our study) in the system are reduced with increasing 

number of units (reduced layer thickness) for both bilayer and symmetrical units as shown in 

Figure 26 similar to what is shown in Figure 23. TC for the symmetrical unit structures are lower 

than the bilayer structures since the FE layers are not in contact with the electrodes (See Ref.265). 

The transition starts from the FE in contact with one of the electrodes for the bilayer while it is 

homogeneous in the superlattice with symmetrical units for fixed total layer thickness. In fact, the 

transition is always homogeneous for superlattices consisting of symmetrical units regardless of 

thickness as theoretically demonstrated in Ref. 265 
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Figure 26. <Pz> of 40 nm-thick PZT/STO heterostructures with n=1, 2, and 4 repeating unit(s) 

on STO for (a) bilayer and (b) symmetrical repeating unit systems. 

 

 The εR of  STO-PZT heterostructures is shown in Figure 27. It is seen that the thick layers 

(1 unit and 2 unit ones) transforming into MD state at their respective TC have no anomaly and the 

superlattices of both types (consisting of bilayers and symmetrical units) with 4 units have a 

reduced TC, broad but finite dielectric curve with an anomaly-like behavior. This reveals the impact 

of interfaces on such structures along with reduced unit layer thickness. The peak observed in the 

superlattice consisting of 4 symmetrical units exactly corresponds to the transition [Compare 

Figures 26(b) and 27(b)]. For the 2 and 1 unit superlattices consisting of either symmetrical or 

bilayer units, domains are more stable against an applied field (compared to the 4 unit 
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superlattices), yielding no anomaly-like features at the transition into MD state but only a slope 

change at TC is evident as shown here. 

 

Figure 27. Temperature dependent εR of 40 nm-thick PZT/STO heterostructures on STO with 

n=1, 2, and 4 repeating unit(s) for (a) bilayer and (b) symmetrical systems. 

Following the numerical data provided in Figure 26 from which the TC can be found, we 

can compare our results to those obtainable from analytical theory reported in Ref.265 that has 

yielded consistent results for the BTO/STO and KTO/KNO systems earlier.265,300 Briefly, in that 

approach, the linear equation of state for a FE-PE superlattice with the FE layer in a uniaxial polar 

state is solved along with the appropriate equations of electrostatics in charge free media and we 

adapt the same method for our structures here. The comparative results are provided in Figure 28. 

Our simulation results here follow closely the curve obtained for PZT/STO bilayer and 

symmetrical unit derived from analytical theory wherein an approximate linear dielectric constant 

of STO was assumed. The deviation of our results from analytical theory is due to the fact that we 
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consider all polarization terms, and more importantly, the temperature dependent in-plane 

polarizability of both PZT and STO way reach high values leading to deviations from analytical 

theory. 

 

Figure 28. TC of PZT/STO heterostructures on STO as a function of single layer thickness (h/2) 

in a repeating bilayer and symmetrical unit obtained numerically (simulated) and analytically 

(theory). 
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Chapter VII. Concluding Remarks 

The dielectric, pyroelectric and electrocaloric properties of FE and FE-based multilayers are 

reported in this thesis. It is shown that by carefully designing multilayer structures, it is possible 

to obtain enhanced electrical properties from FE multilayers, even suppressing the performance of 

bulk/single layer FEs. This design features include but not limited to individual layer thickness 

and material, number of interfaces, total film thickness. For polycrystalline multilayers, thermal 

stresses that develop during cooling from the growth temperature intimately couples to the 

polarization in the heterostructure such that there exists a critical layer fraction of individual 

constituent layers for the enhanced electrical properties. This critical layer fraction is analogous to 

lambda-type transitions where at the critical point, second order properties such as pyroelectric 

coefficient and dielectric constant are enhanced. In addition to the aforementioned design features, 

one needs to consider repeating layer periodicity for a FE-based superlattice. It is shown that, 

depending on whether the repeating unit is in a symmetric or a bilayer configuration for a 

heteroepitaxial SL, the domain structure and the resulting dielectric and pyroelectric properties 

changes. The repeating unit thickness (number of units for a fixed total thickness) and periodicity 

determines how strongly each layer is (de)coupled together. It is found that, RT response of the 

monolayer PZT is better than the 4-unit PZT-STO SLs overall but the 8-unit SL structures have 

an enhanced and significantly tunable pyroelectric response when the bias is not too high (< 70 

kV/cm). For example, small bias pyroelectric coefficient of 8-unit symmetrical SLs is ~55% higher 

than that of a zero bias PZT monolayer reaching 0.045 μC cm-2 K-1. Moreover, since 4-unit SLs 

are in a multidomain state, there is no pyroresponse at zero bias overall.  

 

 

 



84 

 

APPENDIX 

 

 

Figure 29. Categorizing crystal classes based on electrical properties.306 
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Figure 30. (a) Ising- (b) Bloch- (c) Néel- (d) mixed Ising-Bloch-type of walls in FEs. The angles 

represent in- and out-of-plane rotations of the polarization vector.54 
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Figure 31. Hysteresis loops of some FE crystals. (a) a linear DE, (b) a FE (c) relaxor FE and (d) 

an AFE. 
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