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Abstract 

 Research constituting this dissertation began in the middle of December, in 2017. At its 

outset, a number of projects on various thin film research topics presented potential candidates for 

its subject. However, a clear need for immediate work on electrode effects on the ferroelectric 

properties of hafnium zirconium oxide (HZO), through collaboration with Sandia National 

Laboratories, provided an initial deterministic push, which precipitated this study. As of 2017, the 

ferroelectric properties of hafnium oxide-based ferroelectric thin films, including HZO, had been 

readily published upon in open literature since their first reporting in 2011 by Böske et al.1 and 

Müller et al.2,3 Led mostly by electrical and device engineering research groups, much of the early 

work was devoted to understanding how polarization wake-up and fatigue in this silicon-

compatible ferroelectric material could be optimized for scalable memory applications. Such 

research mostly utilized TiN electrode materials, given their promising behavior when 

incorporated into HfO2-based devices and ready use in silicon technology. This work had 

identified that a favorable surface energy facilitated the stabilization of the ferroelectric 

orthorhombic phase in polycrystalline films grown to a thickness of < 40 nm, showed that oxygen 

vacancy content in the HfO2-based layer played an important role in the stabilization of this 

ferroelectric phase, demonstrated superior thickness and lateral scalability in the ferroelectric 

properties of HfO2-based films compared to conventional perovskites, and revealed that 

ferroelectric domain pinning and depinning, at least partially, drives the polarization instabilities 

that accompany field cycling of HfO2-based devices. Research produced by materials science-

focused research groups had also shown important effects of stress on the orthorhombic phase 

content and ferroelectric domain structure, and had observed localized phase transformations 

occurring during field cycling. 

 However, by 2017, a number of knowledge gaps pertaining to the interactions between 

electrodes and HfO2-based layers remained. While the role of electrodes on the orthorhombic 

phase stabilization had been investigated, such findings mostly comprised observations on 

different behavior based upon which electrodes were utilized, and the various potential interactions 

that drive these different behaviors were largely unexplored. Comparisons between TaN and TiN 

electrodes revealed different ferroelectric orthorhombic phase compositions in processed HfO2-

based films and strongly different polarization wake-up and fatigue behavior. Separately, the field-
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cycling behavior of devices processed with metallic electrodes had been sparsely investigated 

compared to binary nitrides. Electrode reactivity had been suggested as the cause of such different 

behaviors, however examinations involving specifically varying the electrode material to induce 

changes in the neighboring HfO2-based layers had not yet been widely undertaken, and a device-

scale understanding of the effects of field cycling on the phase constitutions of HfO2-based devices 

remained elusive. Further, the field cycling behaviors of common binary nitride and metallic 

electrodes had only been briefly compared, and oxide electrodes, which aided in mitigating 

deleterious polarization fatigue during field cycling of conventional ferroelectric oxides, had not 

been explicitly investigated. 

 Separately, while stress effects on the ferroelectric properties of HfO2-based films had been 

experimentally revealed, the electrode contributions to these effects had not been investigated. For 

example, nearly every investigation of HfO2-based ferroelectrics observed that the presence of the 

top electrode during thermal processing resulted in enhanced contents of the orthorhombic phase. 

This enhancement was regularly attributed to mechanical stress imparted by the top electrode. 

However, the exact physical mechanism by which this stress was imparted by the top electrode, 

and the quantities of such stresses, had not been directly investigated. Such a gap stemmed, 

partially, from a dearth of knowledge about the elastic properties of HfO2-based ferroelectrics, and 

alluded to the need for adaptation and application of diffraction-based stress analysis techniques 

for these systems. 

 Within this dissertation, the interactions between binary nitride, metallic, and conductive 

oxide electrodes and HZO will be investigated. These interactions will be shown to be both 

chemical and physical in nature. Different field-cycling behaviors of HZO will be shown to be 

related to the manner in which the electrode and ferroelectric layers exchange oxygen, oxygen 

vacancies, and injected electrons. It will also be shown that the specific interface with the top 

electrode is responsible for influencing the stress of the HZO layer and stabilizing the 

orthorhombic phase. Such observations will be made through application of adapted diffraction 

and electrical characterization techniques, and will facilitate the future engineering of HfO2-based 

ferroelectric devices through tailoring their interactions with their neighboring electrode layers.  
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Chapter 1: Conventional Perovskite Ferroelectrics and Their 

Polarization and Field Cycling Properties 

1.1 Introduction 

 Within this dissertation, an emergent system of silicon-compatible, scalable ferroelectric 

materials will be discussed. As such, this chapter provides information on what constitutes a 

ferroelectric material, how they are characterized, the mechanisms through which ferroelectric 

materials switch their polarization orientation, how they fatigue with progressive switching, and 

their major applications. The effects of incorporation of different electrode materials on these field 

cycling properties are discussed, followed by the hurdles preventing their widespread and 

commercial integration directly into silicon-based CMOS device platforms and technology. 

1.2 Conventional Ferroelectric Materials, Applications, and Concepts 

 Ferroelectrics are a class of materials demonstrating a spontaneous crystallographic dipole 

that is reorientable through the application of an electric field, as diagramed in Figure 1.1. Such a 

property necessitates non-centrosymmetricity, a spontaneous polar axis, and the ability of the 

crystal to sustain an electric field strong enough to reorient said spontaneous polar axis without 

suffering dielectric breakdown. Ferroelectric materials are also necessarily pyroelectric because 

the magnitude of the spontaneous polarization can be altered with the addition or removal of 

thermal energy due to lattice expansion and contraction. Given that the crystallographic dipole can 

retain its orientation in the absence of applied electric fields or stresses, ferroelectric materials are 

ideal for applications in non-volatile computer memory, including ferroelectric random-access 

memory (FeRAM)4 and ferroelectric tunnel junctions (FTJs).5 As such, these materials are 

commonly characterized by their observable polarization at zero applied electric field, termed 

‘remanent polarization’ (Pr). This value represents the electric dipole moment per unit volume, can 

be read as the aggregate of the accumulated surface polarization of all of the crystallographic 

dipoles within the material, and is useful in distinguishing between the ‘up’ and ‘down’ polarized 

states. The difference between these two states, the switchable polarization (Psw), is a key element 
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of memory functionality. Moreover, the coupling between macroscopic polarization and 

mechanical strain6,7 make ferroelectric materials ideal for applications in microelectromechanical 

systems (MEMS)8,9 and radio frequency filters.10 In tandem, recent progress in the integration of 

transistor and ferroelectric technologies has led to the realization of prototype low-power negative 

differential capacitance field effect transistors (NC-FETs).11 Accordingly, conventional perovskite 

ferroelectric materials, including Pb(Zr,Ti)O3 (PZT) and BaTiO3 (BTO), have witnessed 

substantial development over the past 7 decades for many different device applications.10,12,13 

 

 

Figure 1.1. Diagram of conventional perovskite oxide ferroelectric switching. The orange spheres 

represent the oxygen atoms, whereas the red and blue spheres represent different cation species. 

The dipole orientation is indicated adjacent to each structure, and the orientation of the cation 

about the oxygen tetrahedra is indicated by green and red. 

 

 Real films and crystals of PZT and BTO contain separate regions with the same 

polarization orientation, referred to as ferroelectric domains.14,15 Domains of different orientations 

form as a consequence of the competing electrostatic and mechanical energies of the system. 

Where it may be mechanically energetically favorable to have a uniform, uninterrupted 

polarization orientation, such a condition would be electrostatically unfavorable owing to the high 

energy required to maintain the surface polarization. Thus, domains of opposite polarization form 

to reduce the electrostatic energy of the system, at the expense of costing mechanical and surface 

energy to form a domain wall.16,17 Domain walls, an example of which is diagramed in Figure 
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1.2(a), separate neighboring domains, which constitute crystallographic twins. Ferroelectric 

switching is driven by the nucleation and movement of domain walls, which propagate through 

the material to expand and contract domains in response to the applied electric field.18 

 Measurement of macroscopic polarization within a ferroelectric material is necessarily an 

examination of the relative populations of differently oriented domains. For example, if the 

polarization of a ferroelectric is examined immediately following cooling of the material from 

above its Curie Point (the temperature at which the spontaneous polarization is reduced to zero 

due to a change in symmetry), then nearly equal populations of ‘up’ and ‘down’ oriented domains 

will be observed (assuming no effects from external fields from processing or neighboring layers), 

as depicted in Figure 1.2(b). In this state, the material is said to be ‘unpoled’ and displays a 

macroscopic polarization of zero in spite of the presence of microscopic but ‘canceling’ 

spontaneous polarizations.19 With the application of an electric field, the relative populations of 

domains will shift in response through the movement of domain walls, resulting in a ‘poled’ 

ferroelectric, as diagramed in Figure 1.2(c). It should be noted that this poling process is typically 

performed at elevated temperature in conventional perovskite ferroelectrics. If an electric field 

counter to the direction of the poling is applied, then the relative domain populations will switch 

to align with the new field accordingly.20 
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Figure 1.2. (a) Diagram of domains and domain wall in a generic ferroelectric material. The 

location of the domain wall, wall width, and polarization directions are indicated in black, whereas 

the shift of polarization orientation is indicated with a green dotted line. Plan view diagram of (b) 

unpoled and (c) poled ferroelectric surface. Positively and negatively oriented regions are indicated 

in orange and blue, respectively. 

 

 In PZT and BTO perovskite ferroelectrics, it has been shown that ferroelectric switching 

occurs via the nucleation of oppositely oriented domains at the electrode interfaces.21 The 

nucleation sites are provided by defects, which locally create nanodomains that prevent a 

completely homogenous orientation from being attained, as diagrammed in Figure 1.3(a-c).22 

Nucleation of oppositely orientated domains with application of an opposite electric field at these 

nanodomain sites provides a practical explanation for the occurrence of switching, given that such 

an event would intrinsically require 103 kT (Boltzmann constant multiplied by temperature in K) 

of energy input.23 These defects provide local biases that prevent the nanodomains from switching, 

allowing them to continually provide nucleation sites for oppositely oriented domains to grow.21 
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Figure 1.3. Diagrams of (a) negatively poled domain structure, (b) domain structure switching 

during the application of a positive field, and (c) positively poled domain structure. The locations 

of the nucleation sites at the interfaces are indicated with red dotted lines, and the regions 

comprising the positively and negatively oriented domains are indicated by orange and blue, 

respectively.  

 

 A conventional method by which the ferroelectric switching process is examined is the 

hysteresis (polarization-electric field, P(E)) loop. A P(E) loop probes the macroscopic polarization 

response of a material with the application of a bipolar triangular wave, as diagramed in Figure 

1.4(a). From the polarization response to the electric field stimulus, diagramed in Figure 1.4(b), 

information including a bulk coercive field (Ec) for the material and a switchable polarization 

magnitude can be directly quantified while the relative permittivity (εr) can be estimated. The 

coercive field (Ec), defined as the electric field magnitude at which ferroelectric switching occurs, 

is a material property24 that can be affected by microstructural features,25,26 mechanical stress,27 

and the presence of domain-pinning point defects.28 It should be noted, as well, that displacement-

electric field loops (D(E)) are often reported synonymously as P(E) responses, which more 

correctly identifies that the polarization characterized in a hysteresis measurement contains 

contributions from both ferroelectric polarization and dielectric displacement, as described by 

Equation 1.1:29 

 

D(E) = εrε0E + P(E) 1.1 
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 Where D(E) is the dielectric displacement, ε0 is the vacuum permittivity constant, E is the 

electric field, and P(E) is the ferroelectric polarization. If a field is applied that does not exceed 

the coercive field, then complete ferroelectric switching will not occur. In addition, leakage current 

contributions to the polarization response can be identified by examining the polarization behavior 

in the vicinity of the electric field at which polarization saturation occurs, as shown in Figure 

1.4(c). 

 

 

Figure 1.4. (a) Electric field pulse shape and polarization response associated with an (b) ideal 

ferroelectric hysteresis loop and (c) a hysteresis loop with substantial leakage current contributions. 

Blue and green dots represent the beginning/end and middle of a typical measurement, 

respectively. Relevant characteristics which can be easily extracted from a hysteresis loop, 

including Pr, Ec, Psw, and εr estimate, are indicated in red on diagram (b). In diagram (c), the blue 

line represents the total P(E) response, including the film polarization and leakage current 

contribution. 

  

 Polarization saturation occurs when the domain structure is completely switched, resulting 

in a linear polarization response as the electric field increases further. Leakage current 

superimposes curvature in hysteresis responses at saturation fields resulting in the appearance of 

larger polarizations, and has been known to result in misidentification of ferroelectric materials.30 

External contributions to the polarization response such as leakage current can make direct 

assessment of the switchable polarization difficult in highly cycled or damaged ferroelectric 
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films.31 Thus, the Positive-Up, Negative-Down (PUND) pulsed polarization measurement is 

frequently employed as a more direct assessment of remanent polarizations.32,33 The PUND pulse 

shape examines the polarization of the ferroelectric with minimal contributions from leakage 

current by pre-switching the device ahead of polarization measurement, as diagramed in Figure 

1.5(a). Through subtraction of the non-switching related polarization (Pr^) from the total 

polarization (Pr*) at zero applied field, Pr and Psw quantities can be calculated, as detailed in Figure 

1.5(b). Accordingly, PUND measurements are frequently utilized to examine the variations in 

macroscopic polarization behavior driven by changes in relative domain abundance, wall mobility, 

and domain density that occur with electric field cycling. 

 

 

Figure 1.5. (a) Pulse train utilized for PUND measurement. (b) Polarizations associated with each 

phase of measurement (orange solid line) with the corresponding electric field pulses (blue dotted 

line). Positive and negative maximum with switching contribution (P*), remanent with switching 

contribution (Pr*), maximum without switching contribution (P^) and remanent without switching 

contribution (Pr^) polarizations are indicated along with mathematical relationships between these 

quantities and the reported Pr and Psw magnitudes (upper right). 
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1.3 Field Cycling Behavior of Conventional Perovskite Ferroelectrics 

 Examination of the field cycling behavior of ferroelectric-based devices is necessary for 

their ultimate integration into device structures, as this provides information on how the material 

can be expected to change with use and age. The field cycling process consists of application of 

cyclic electric fields across the ferroelectric to simulate the environment that a real device would 

operate within. Utilizing P(E) and PUND measurements, reductions in polarization magnitudes of 

perovskite ferroelectrics with field cycling have been widely observed, as diagrammed in Figure 

1.6(a).21,34–36 This occurrence is referred to as polarization fatigue, and has been shown to be driven 

by two main mechanisms; bulk domain wall pinning and nanodomain nucleation inhibition.21 Both 

of these scenarios involve a restriction in the movement domain walls by external charge carrying 

defects, which accumulate at the interfaces, domain walls, and grain boundaries during 

cycling.35,37,38 In the bulk domain wall pinning scenario, bound charges that accumulate at domain 

boundaries electrostatically couple with mobile carriers to locally satisfy electroneutrality.21 This 

electrostatic couple produces an energetic landscape, which is unfavorable to the motion of the 

domain wall.39,40 With field cycling, charge injection from neighboring electrode layers occurs and 

the concentration of charged defects increases, resulting in increased coupling between domain 

walls and mobile carriers, ultimately reducing the switchable polarization.41 This process is 

diagrammed in Figure 1.6(b). Separately, polarization fatigue has also been attributed to the 

inhibition of domain nucleation at nanodomain sites.42 Owing to the accumulation of defects and 

injected charge at the interfaces,35,38 propagation of oppositely oriented domains from these 

nanodomain sites is reduced. Thus, a reduction in the switchable polarization occurs, as 

diagrammed in Figure 1.6(c). 
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Figure 1.6. (a) Decrease in switchable polarization with field cycling due to fatigue. Domain 

structure experiencing (b) bulk domain wall pinning and (c) nanodomain nucleation inhibition 

following field cycling. Defect positions are indicated with red circles, whereas pinned 

nanodomains and domains are shown as solid red lines. 

 

 The polarization fatigue behavior with field cycling of perovskite ferroelectrics has been 

demonstrated to strongly depend on the utilized electrode material. A number of studies have 

reported polarization fatigue with cycling of PZT and BTO-based MIM devices with metallic 

platinum or palladium electrodes.35,36,42,43 Conversely, when RuO2 or IrO2 materials were utilized 

for at least one of the electrodes, the polarization was not observed to substantially change with 

field cycling.36,43 The lack of substantial polarization fatigue when conductive oxides were 

employed instead of metallic materials is evidence that the oxide electrodes yield different charge 

injection and mass transfer behaviors than their metallic counterparts with field cycling. 

 The mechanism by which polarization fatigue is mitigated through utilization of oxide 

electrode materials has been revealed to be a combination of two processes. It has been shown that 

the field cycling-driven transfer of oxygen and oxygen vacancies between the electrode and 

ferroelectric layers is facilitated by neighboring oxide electrodes.35 This transfer prevents the 

accumulation of these defects at interfaces, which reduces the amount of domain pinning due to 

field cycling.36 Separately, the localized doping of domain walls from electrode layers has been 

shown to yield charge relaxation, which reduces the coupling between them and mobile 

carriers.21,44 It is not explicitly known whether oxygen vacancy transfer or localized interface 

doping is the main contributor to polarization fatigue reduction and it is also unknown whether 
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nanodomain nucleation inhibition or bulk domain wall pinning more dominantly drive polarization 

fatigue. Regardless, development of a functional device that can be extensively field cycled 

requires engineering of polarization fatigue behavior, which has been shown to proceed via 

nanodomain or domain pinning due to defect accumulation at domain boundaries, which are 

mitigated through utilization of oxide electrodes. 

1.4 Common Applications of Conventional Perovskite Ferroelectric Materials 

 With development of perovskite ferroelectric materials that are nearly fatigue-free with 

field cycling, a number of important applications have emerged, which harness their large 

piezoelectric coefficients (d33). The piezoelectric coefficient quantifies a material’s coupling 

between electric field and strain.29 Larger values are indicative of a more pronounced strain effect 

due to an applied electric field (or vice versa) and are useful in acoustic applications, energy 

harvesting devices, and MEMS. Ferroelectric materials possess large piezoelectric coefficients (d33 

= 50 – 100 pm V-1 for PZT45,46) owing to their extrinsic domain wall contributions47 while also 

providing the opportunity to vary this value through application of an electric field.45 For these 

reasons, ferroelectric materials are commonly implemented in microcantilevers, actuators, and 

stress sensors.10  

 Another common commercial application for perovskite ferroelectric materials, 

specifically doped BTO, is in multilayer ceramic capacitors (MLCCs).48 These devices harness the 

large relative permittivities of BTO49 in tandem with planar, layered device designs, which 

maximize available volumetric capacitance to separate and filter large AC-DC voltages.17 Further 

research has endeavored to change the Curie temperatures of these materials, through inclusion of 

dopants and substituents (such as Zr and Sr),50 to vary the operating temperature of the yielded 

MLCC. 

 Beyond devices which employ the large, variable piezoelectric coefficients and 

capacitances demonstrated by perovskite ferroelectrics, a number of structures harness their 

pyroelectric properties to convert between thermal and electrical energy.51 These devices are 

capable of generating current or voltage in response to temperature oscillations, which can be 

stored as energy51 or read as a thermal signal.52 Such applications rely on large pyroelectric 
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coefficients, which quantify the coupling between thermal energy and current or voltage 

production. PZT, commonly employed in pyroelectric devices and sensors, boasts a large 

pyroelectric coefficients in excess of ~200 µC m-2K-1.52,53 Other ferroelectric materials, which may 

demonstrate smaller pyroelectric coefficients, have also witnessed development in these 

applications owing to competitive figures of merit that have permittivity, thermal conductivity, 

and loss tangent contributions. Moreover, chemical compatibility with materials present in the 

final device is also a consideration in selecting a pyroelectric material.51,53 

 An additional commercialized application of these materials is Ferroelectric Random-

Access Memory (FERAM), which is already commonly sold by companies including Fujitsu and 

Texas Instruments. These structures incorporate thin ferroelectric layers with transistors (one 

capacitor, one transistor, 1C1T), commonly Sr0.8Bi2.2Ta2O9 or PZT,54,55 to hold a binary memory 

state.4 This memory state can be read and rewritten and is non-volatile, meaning that it does not 

require energy input to keep. Additional memory structures, including ferroelectric tunnel 

junctions (FTJs),5,56,57 which harness the effect of the switchable surface polarization on the band 

structure to alter tunneling characteristics between the ‘up’ and ‘down’ states, have been reported 

as viable memory units. In both of these device structures, large, scalable, switchable polarizations 

facilitate the ease with which the up and down states can be delineated. 

1.5 Factors Preventing Direct Integration of Perovskite Ferroelectrics into Silicon CMOS 

Technology 

 While nearly fatigue-free ferroelectric materials can be developed for capacitive, sensor, 

energy harvesting, and memory applications, a number of scaling and compatibility issues prevent 

their widespread direct implementation into silicon-based CMOS technology. Scalability presents 

an issue for conventional oxide ferroelectrics due to the commonly observed decrease in 

switchable polarization with film thickness, driven by a corresponding decrease domain wall 

mobility.49,58 Domain walls can vary in width depending on the ferroelectric material, processing 

history, and domain orientations, but tend to be several unit cells wide.59–61 In addition, domain 

wall propagation through the ferroelectric is sensitive to the presence of line62 or point defects,63 

grain boundaries,64 polarizations from neighboring materials,65–67 and mechanical clamping from 

adjacent layers.68 Given that the interfacial regions between the ferroelectric and neighboring 
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layers contain larger quantities of mechanical strain and higher concentrations of point and line 

defects, these locations typically demonstrate reduced domain wall mobility and lower 

spontaneous polarizations.69 In tandem, the influence of depolarization fields from incomplete 

electrode charge screening increases as interface separation decreases.58 Hence, conventional 

polycrystalline thin film perovskite ferroelectrics suffer scaling effects, including diminished 

polarizations and piezoresponses when film thicknesses below ~100 nm are utilized.49,58,70–72 Such 

a size limit for the switchability of a conventional perovskite ferroelectric means that ferroelectric 

device structures utilizing these materials lag behind the scaling of Moore’s Law-abiding CMOS 

transistor devices.73,74 

 Aside from a lack of scalability, compatibility issues between PbOx, BaOx, and Si/SiOx 

have also prevented on-chip development of common perovskite ferroelectric-based device 

structures. Formation of and reactions with these deleterious oxides during processing have been 

shown to be thermodynamically favorable,75 preventing utilization of PZT and BTO materials in 

direct contact with silicon. Thus, between a lack of scalability and material incompatibility, 

devices utilizing conventional ferroelectric materials are unable to realize full implementation in 

contemporary Si-based CMOS transistor technology.  

1.6 Summary 

 In summary, some useful properties of perovskite oxide ferroelectric materials have been 

described. It has been shown that ferroelectric switching occurs due to propagation of domain 

walls in response to applied electric fields. The macroscopic domain switching and polarization 

properties of ferroelectric materials can be measured and analyzed using P(E) and PUND 

measurements. These measurements commonly observe decreases in switchable polarization with 

field cycling when metallic materials are implemented as electrodes. This polarization fatigue has 

been shown to occur due to accumulations of defects at ferroelectric domain boundaries and 

nanodomain nucleation sites, which reduces the ability for domains of opposite orientation to 

grow. These field cycling behaviors have been revealed to be strongly dependent on the selection 

of electrode material. For example, when conductive oxide materials are employed, instead of 

metallic electrodes, the polarizations of PZT and BTO ferroelectrics are not measured to fatigue 

with field cycling. This difference in behavior has been attributed to mass transfer of oxygen 
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vacancies between the ferroelectric and oxide electrode layers and local interfacial doping, which 

both reduce the amount of domain wall pinning during field cycling. While nearly fatigue-free 

ferroelectric materials are ideal for applications in piezoelectrics, energy harvesting, and memory, 

their implementation directly into silicon-based CMOS device platforms is hindered by a lack of 

scalability and silicon compatibility. 

  



39 

 

Chapter 2: Factors Affecting the Ferroelectric and Field Cycling 

Properties of Hafnium Oxide-Based Thin Films 

2.1 Introduction 

 While ferroelectric materials can be implemented in memory, nonlinear optics, and 

transistor applications, conventional perovskite lead zirconate titanate and barium titanate 

materials are not silicon compatible and cannot scale competitively with contemporary 

complementary metal-oxide-semiconductor CMOS technology. Hafnium oxide-based 

ferroelectrics have emerged as materials that are silicon compatible and scalable, making them 

ideal for implementation in these applications. Current research endeavors to understand the roles 

that film chemistry, stress, and processing play in the stabilization of the non-equilibrium 

ferroelectric orthorhombic phase. Within this chapter, a review of the current understanding of the 

mechanisms and factors that govern the ferroelectricity and field cycling properties of HfO2-based 

thin films is provided. Electrode materials, in particular, are identified as a means to tailor these 

behaviors for implementation in the next generation of silicon-based CMOS technology.  

2.2 Ferroelectric Hafnium Oxide 

 In 2007, amorphous HfO2, commonly grown via atomic layer deposition (ALD), was 

introduced as a gate dielectric to replace SiO2 in Si-based transistors.76 HfO2 is silicon compatible77 

and has a dielectric constant ideal for equivalent oxide thickness scaling in its amorphous state, 

while maintaining low electron tunneling and leakage currents.78 Thus, when this binary oxide was 

reported to demonstrate ferroelectricity when doped with SiO2 in thin films in 2011,1 a wide range 

of on-chip non-volatile memory,79,80 integrated infrared sensor,81 and nonlinear optics82 

applications became feasible. 

 Crystalline HfO2 is stable in a P21/c monoclinic phase at room temperature and pressure. 

This monoclinic phase, shown in Figure 2.1(a), demonstrates a relative permittivity of 15-2083,84 

and a unit cell volume of 35.1 Å3.85–87 At high temperatures or pressures or in small crystallite 

sizes, HfO2 is stable in a P42/nmc tetragonal phase.88 This tetragonal phase, shown in Figure 2.1(b), 

demonstrates a dielectric constant of 35-70,84,89 and maintains a unit cell volume of 33.8 Å3.87 This 
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phase is a field-induced ferroelectric, meaning that it is centrosymmetric at equilibrium, which can 

be broken through application of an applied electric field,90,91 resulting in a polarization response 

that is similar in appearance to an antiferroelectric.1 Henceforth, the polarization response of this 

phase will be referred to antiferroelectric-like. The stable ferroelectric response in HfO2-based thin 

films is attributed to a metastable Pca21 orthorhombic phase, which is modeled to have lattice 

parameters of a = 5.06, b = 5.09, and c = 5.27 Å and a unit cell volume of 33.9 Å3.87,92,93 This 

orthorhombic phase, shown in Figure 2.1(c), is calculated to have a theoretical spontaneous 

polarization of 50 µC cm-2 along its short b-axis,87,94 which results in a maximum polarization of 

~25 µC cm-2 in a  randomly oriented polycrystalline film.90 This remanent polarization is achieved 

via the of oxygen atoms bonded within the orthorhombic unit cell about the short axis.94,95 Such a 

feature distinguishes ferroelectric HfO2 from ferroelectric perovskites such as BTO, which switch 

polarization states primarily through the reorientation of positive ions about their respective long 

axes. By comparison, the orthorhombic phase in HfO2 has a unit cell volume that is 1.1 Å3 smaller 

than the room-temperature monoclinic phase and 0.1 Å3 larger than the high-temperature 

tetragonal phase.87 In tandem, the orthorhombic phase has been calculated to have a lower surface 

energy than the monoclinic and tetragonal phases at room temperature.96 

 

 

Figure 2.1. Crystal structures of (a) P21/c monoclinic, (b) P42nmc tetragonal, and (c) ferroelectric 

Pca21 orthorhombic phases of hafnium oxide. The arrow denotes the spontaneous polarization 

direction of the orthorhombic phase. 
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 The ferroelectric orthorhombic phase does not appear on equilibrium phase diagrams of 

HfO2 and is energetically metastable compared to the monoclinic and tetragonal phases.88,93 Its 

stability relative to these two equilibrium phases has been theoretically calculated to be strongly 

related to the aforementioned surface energy effect,96–98 which phenomenologically explains why 

ferroelectricity is generally observed in HfO2-based films that are less than only 30 nm-thick.98–100 

Utilization of sub-30 nm film thicknesses truncates grain sizes, thus harnessing this surface energy 

effect to enhance the stability of the orthorhombic phase.98,101 

 While the explicit reasons for the enhanced scalability of HfO2-based ferroelectrics 

compared to conventional PZT and BTO are still under investigation, recent modeling work has 

shown the domain walls in orthorhombic HfO2 can theoretically be a single unit cell wide.102 In 

tandem, stable polarization responses are widely observed in ferroelectric HfO2-based films that 

are less than 10 nm-thick,98,100,103,104 and have even been characterized in a film with a thickness 

of 1 nm.105 Thus, HfO2-based ferroelectrics demonstrate scalability that is superior to conventional 

ferroelectrics for transistor106,107 and memory108,109 applications while also maintaining silicon 

compatibility.77 

2.3 Stabilization of the Ferroelectric Orthorhombic Phase in HfO2-Based Thin Films 

 While silicon compatibility and ferroelectric scalability make HfO2-based thin films 

advantageous for the next generation of on-chip transistor and memory devices, prepared films 

often contain substantial contents of the monoclinic and tetragonal phases100,110 due to the 

aforementioned metastability of the orthorhombic phase. Accordingly, external effects such as the 

oxygen content within prepared films,110,111 inclusion of dopants,112–114 and imparting of biaxial 

stress115,116 have been investigated as means to stabilize orthorhombic phase relative to the 

monoclinic and tetragonal phases in HfO2 thin films. 

 Oxygen and oxygen vacancy content have been theoretically calculated117 and 

experimentally shown110,111 to be an important factor in the stabilization of the orthorhombic phase 

in undoped HfO2-based thin films. As a result, deposition processes that aim to reduce the amount 

of oxygen within the HfO2 layer, thus increasing the concentration of oxygen vacancies, have been 

developed. Such process modifications have included modulation of the oxidative ozone or water 
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pulses during atomic layer deposition (ALD)111,118,119 and reducing the amount of oxygen in the 

processing atmosphere during sputtering.110,120 These alterations modify the energy landscape to 

destabilize the monoclinic phase and increase orthorhombic phase contents and film polarizations 

at the expense of increasing the leakage current produced by the films,111,118 which is facilitated 

by point defects.121,122  

 Separate from oxygen content engineering, incorporation of numerous dopant species, 

including Si,1,91 Gd,117,123 La,124,125 Y,126,127 Al,128,129 and Zr,3,130 among others,94,112,113 have been 

investigated as avenues to prepare films with larger contents of the orthorhombic phase without 

directly increasing film leakage current densities. Mechanistically, dopant-driven ferroelectric 

phase stabilization has been attributed to a size mismatch between the dopant and hafnium 

ions.125,131,132 This ionic size mismatch has been calculated to mechanically expand or contract the 

lattice, which destabilizes the equilibrium monoclinic phase.113,124,125 In general, dopants with 

larger ionic sizes appear to facilitate larger remanent polarizations,125,132 and dopant concentrations 

at which maximum remanent polarizations are achieved tend to be between 1 – 5%,132 except for 

La124 and Zr,3 which boast larger dopant concentration windows within which the orthorhombic 

phase is stabilized. 

 Dopants including Y,133 La,124 and Zr104 have been shown to stabilize the ferroelectric 

orthorhombic phase in film thicknesses larger than in pure HfO2. In tandem, doped films have been 

broadly shown to demonstrate enhanced remanent polarizations compared to pure HfO2. While 

remanent polarizations of 10 - 12 µC cm-2 have been reported for pure polycrystalline HfO2 with 

engineered oxygen contents,110,111 polarizations of 25,124 17,123 15,128 15,134 24,126 and 183 µC cm-2 

have been measured on La, Gd, Al, Si, Y, and Zr-doped films, respectively. These increases are 

mostly due to enhanced orthorhombic phase purity; however, it should also be noted that lattice 

expansion plays a role in the theoretical polarization of the unit cell, and effects of crystallographic 

texture facilitate larger measured values.125 More recent investigations have noted the possibility 

of enhancing polarizations further through the utilization of more than one dopant135,136 and 

simultaneously engineering the oxygen content of the film while adding doping species.137 

 Another advantage that has been widely observed when adding dopants to stabilize the 

ferroelectric phase in HfO2 is a reduction in thermal budget. In pure HfO2, thermal processing 

generally occurs at temperatures between 650 – 1000 °C.100,110,111 Anneals at these temperatures 
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typically occur in an inert atmosphere and only for 20 – 30 seconds in order to yield the 

nanocrystalline grain sizes necessary for orthorhombic phase stabilization.138 These elevated 

temperatures, however, are incompatible with back-end-of-the-line (BEOL) processing, in which 

lower temperatures are desirable to minimize diffusion of implanted species to maintain device 

feature definition.139 Alternatively, doping of HfO2 with Al, Gd, or Sr has been observed to reduce 

the necessary annealing temperatures for orthorhombic phase stabilization to ~500 °C.140 Further, 

incorporation of dopants such as Y126 and Zr3,141–143 has been observed to reduce the crystallization 

temperature of the orthorhombic phase down to ~380 °C in polycrystalline films, with room-

temperature growth demonstrated for 7% Y-doped HfO2.
144 Thus, doping of HfO2 has been widely 

shown to reduce the thermal budgets of these materials to more BEOL-compatible temperatures 

while still promoting the stabilization of the orthorhombic phase. 

 ZrO2 has emerged as a promising alloying oxide for ferroelectric HfO2 (Hf1-xZrxO2, HZO) 

owing to an advantageous compositionally-based polarization behavior control in addition to the 

aforementioned enhanced orthorhombic phase stabilization and superior low thermal budget.3 

Similar to HfO2, bulk ZrO2 is stable in a monoclinic phase at room temperature and 

pressure85,145,146 and a tetragonal phase at high temperatures and in small crystallite sizes.147 The 

high-temperature tetragonal phase, once again similar to HfO2, demonstrates an antiferroelectric-

like polarization response to applied electric fields.3 This phase has been shown to crystallize in 

thin films at ~300 °C,142 which likely contributes to the lower thermal budget of HZO alloys. In 

between the linear dielectric response of monoclinic HfO2 and antiferroelectric-like response of 

tetragonal ZrO2, alloyed compositions demonstrate mixed ferroelectric and antiferroelectric 

responses,3 as diagramed in Figure 2.2, within a compositional window that is larger than the 

1 – 5% observed for other dopant species.112 The Hf0.5Zr0.5O2 film composition, specifically, has 

been widely evaluated as an alloy demonstrating polarization responses and orthorhombic phase 

contents2 superior to pure HfO2
1 while maintaining equivalent silicon compatibility42 and similarly 

harnessing mature deposition techniques already employed in CMOS fabrication technology.77,148 

Owing to these advantages, the HZO alloys have witnessed wide investigation of their 

polarization,3 thermal budget,142 nonlinear optics,82 and pyroelectric properties,149 among others. 
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Figure 2.2. Diagrams of P(E) responses for HZO thin films with compositions varying between 

pure HfO2 and pure ZrO2. Approximate film compositions and qualitative descriptions of 

responses are shown below each diagram. 

 

 Separate from oxygen content engineering and doping of HfO2 to stabilize the 

orthorhombic phase, the presence of biaxial stress has been widely observed to affect the 

polarization properties. Computational works have reported that compressive hydrostatic and 

biaxial stresses can lower the free energies of the orthorhombic phase compared to the equilibrium 

monoclinic phase.87,150 This stabilization is attributed to constraint of the aforementioned volume 

expansion during phase transformation between the tetragonal and monoclinic phases.87 

Conversely, experimental works have widely observed strong tensile stresses accompanying large 

polarizations in fully processed HfO2-based ferroelectrics between binary nitride 

electrodes.115,116,125,151,152 This correlation has been attributed to the short b-axis polarization in the 

orthorhombic structure, which results in increasing alignment between the domain structure and 

the film normal with increasing tensile biaxial stress.153 The larger concentration of domains with 

polar vectors pointing toward the film surface results in larger measured polarization values. In 

tandem, larger tensile biaxial stresses have also been experimentally correlated with smaller 

monoclinic phase compositions using XRD,115 in contrast to behavior predicted by 

calculations.87,150 Regardless, combined with thickness scaling and incorporation of oxygen 

vacancies and dopants, application of biaxial stress provides another processing dimension within 

which the ferroelectric properties of HfO2-based thin films can be investigated, as summarized in 

Figure 2.3. 
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Figure 2.3. Diagram of orthorhombic phase stabilization model showing effects of increasing grain 

surface area to volume ratio (SA:V) through decreasing film thickness and subsequent polarization 

enhancement with the addition of dopants, application of biaxial stress, and incorporation of 

oxygen vacancies. 

 

2.4 Overview of Electrode Interactions with HZO and HfO2-based Thin Films 

 Owing to the strong dependencies of orthorhombic phase contents and film polarization 

responses on film chemistry and stress, the selection of electrode materials, which neighbor the 

HfO2-based layer, has also been observed as a key contributor to the ferroelectric properties. 

Investigations of HfO2-based ferroelectrics most commonly incorporate binary nitride electrodes, 

including TiN1,154 and TaN,117,149 into metal-insulator-metal (MIM) structures. These materials 

have been revealed to chemically interact with the neighboring HfO2-based layer via the formation 

of oxide and oxynitride reaction interlayers during thermal processing, which have been widely 

observed via X-ray photoelectron spectroscopy (XPS) and Transmission Electron Microscopy 

(TEM), as diagramed in Figure 2.4.155–157 Formation of these interlayers removes oxygen from the 

HfO2-based film, referred to as oxygen scavenging,117,156 which drives increased oxygen vacancy 

concentrations. Aside from oxygen content effects, the presence of interfacial oxide and oxynitride 

layers has been shown to shift the coercive fields of pristine HfO2-based ferroelectrics owing to 

the presence of internal biases imposed by the asymmetric interfaces.158 Further, effects of 

electrode stoichiometry159 and nitride reactivity117 have both been noted as contributors to HfO2-

based thin film oxygen content, providing a path for electrode chemistry engineering to affect the 

ferroelectric properties of the device. 
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Figure 2.4. Diagram of the interface between a HfO2-based thin film (blue), TiN or TaN top 

electrode (gray) and oxide/oxynitride (orange) in the (a) as-deposited and (b) following processing 

states. The locations of oxygen (O), oxygen vacancies (Vo
..), and metal-nitride (MN) species as 

well as oxide/oxynitride layers (MOxNy/MOx) are indicated. 

  

 Irrespective of the chemical interactions and interfacial layer formation between 

neighboring binary nitrides and HfO2-based thin films, electrode stress engineering has also been 

reported as a potential avenue for ferroelectric property optimization.115,116,151 Through the 

utilization of different substrate materials, which altered the biaxial stress state of HZO films 

following thermal processing through different coefficient of thermal expansion (CTE) 

mismatches, tensile biaxial stresses were shown to result in larger polarization responses and films 

with more compressive biaxial stress were revealed to have larger monoclinic phase contents.115,116 

Separately, through varying the thickness of TiN top electrodes, which resulted in different HZO 

biaxial stress states following processing, tensile biaxial stresses were once again shown to 

enhance polarization magnitudes.151 These investigations, which isolated away chemical 

interactions as experimental variables, illustrate the degree to which neighboring layers can 

influence the stress state and polarization response of the HfO2-based films. Thus, both chemical 

and stress interactions between electrode layers and HfO2-based films present means to control 

their ferroelectric properties. 

 To date, oxide electrodes including RuO2 and IrO2 have also been investigated in HfO2-

based ferroelectrics. Examinations of the effects of the processing atmosphere on IrO2/HZO/IrO2 

devices has revealed Pr magnitudes between 5 – 20 µC cm-2,160,161 whereas an investigation of 

RuO2/HZO/RuO2 devices revealed a Pr magnitude of 10 µC cm-2.162 These polarizations are 

competitive with more commonly investigated devices with binary nitride electrodes; however, 
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the effects of processing with the oxide electrode on interlayer formation and film oxygen content 

have yet to be fully explored. 

 Beyond binary nitrides and oxides, the effects of the utilization of metallic materials as 

electrode layers on the properties of HfO2-based ferroelectrics have also been investigated. 

Examinations of symmetric platinum,163–166 platinum/palladium, palladium/nickel, 

platinum/nickel,167 and tungsten168,169 have revealed strong pristine hysteresis responses and 

orthorhombic phase contents in various HfO2-based thin films deposited via chemical solution 

deposition (CSD) and ALD. To date, the effects of the presence of interfacial oxide layers and the 

occurrence of oxygen scavenging have been less investigated in MIM structures with metallic 

electrodes. However, the lack of variable stoichiometry in an elemental electrode material presents 

a potential repeatability advantage over binary nitride and conductive oxide materials, given the 

aforementioned chemical interactions on the ferroelectric properties. 

 Aside from affecting the oxygen content and stress state of the neighboring HfO2-based 

ferroelectric layer, the presence of the top electrode during thermal processing has been credited 

with the stabilization of the orthorhombic phase and increased polarization, termed the ‘clamping 

effect.’ Within the first report of ferroelectricity in SiO2-doped HfO2,
1 diffraction patterns revealed 

larger orthorhombic phase contents only in devices that were thermally processed following top 

metallization. Subsequent reports100,170 also observed this effect while examining films processed 

with and without top electrode layers, crediting the orthorhombic phase stabilization and increase 

in polarization to the presence of biaxial stress imparted through the inclusion of this layer during 

annealing. However, while biaxial stress is frequently cited as the driving force for the clamping 

effect, the aforementioned chemical interactions between electrodes and HfO2-based layers could 

also be playing a role in the orthorhombic phase stabilization. 

2.5 Field Cycling Properties of HZO and HfO2-Based Thin Films 

 Beyond affecting the pristine phase compositions and polarizations of HfO2-based thin 

films, the selection of electrode material has also been shown to strongly influence the field cycling 

behavior of these ferroelectrics. Through electric field cycling, the polarization magnitudes of 

HfO2-based ferroelectrics are observed to increase and decrease, during processes termed wake-
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up and fatigue,171 respectively, as diagramed in Figure 2.5. These processes are predominantly 

driven by the redistribution and generation of charged oxygen vacancies, which move in response 

to the switching electric field applied during cycling.164,172,173 Polarization wake-up, commonly 

observed during initial field cycling of ferroelectric HfO2-based thin films,174 has been shown to 

be driven by a combination of phase transformations from the tetragonal to the orthorhombic 

phase,154 domain depinning processes,171,175 ferroelastic domain switching,176 and interlayer 

breakdown.177 Phase transformations and domain depinning have been observed to occur during 

initial field cycling owing to the accumulation of oxygen vacancies at the electrode interfaces 

during processing.155 As field cycling begins, these accumulated vacancies redistribute toward the 

bulk of the film,134 which simultaneously stabilizes the metastable ferroelectric orthorhombic 

phase from the structurally-similar tetragonal phase117 and de-pins domains, allowing them to 

contribute to the switchable polarization.171,178 These processes result in increasing polarization as 

field cycling initially progresses owing to the additional orthorhombic phase stabilized and 

enhanced homogeneity of domain switchability. 

 

 

Figure 2.5. Diagram of typical field cycling behavior of a HfO2-based ferroelectric. The oxygen 

vacancy behaviors are indicated in green, the resulting effects on the film properties are indicated 

in blue, the film polarization and separation between the wake-up and fatigue regimes are shown 

as red and gray dotted lines, respectively, and the qualitative regime descriptions are indicated in 

their respective regions.  
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 Polarization wake-up processes are strongly dependent on the magnitude and frequency of 

the electric field utilized during cycling.158,178–180 When lower electric field magnitudes 

(<2.0 MV cm-1) are utilized for cycling, less dramatic changes in polarization are typically 

observed, whereas utilization of larger field cycling magnitudes (>2.0 MV cm-1) yields more 

substantial increases in polarization.135,178 Separately, higher frequencies have been observed to 

cause less substantial polarization increases,180 which is likely due to some combination of time-

constant limited capacitor loading and inhomogeneous defect migration. While most 

investigations employ bipolar square waves (100% duty cycle) for field cycling 

experiments,122,135,158,179 experimental details are often underreported,178 and such procedures may 

not accurately simulate the cycling profile that would be utilized for a real world device. 

 Following the increase in polarization magnitude during wake-up, field cycling 

investigations of HfO2-based thin films have widely observed polarization fatigue, as diagrammed 

in Figure 2.5.117,172,181 It has been found that this decrease in polarization magnitude is driven by 

the generation of oxygen vacancies, which serve as pinning sites for domains and prevent them 

from contributing to the switchable polarization.171,173 These newly-generated defects are 

conductive and lead to increases in leakage current with extended field cycling.122 With excessive 

oxygen vacancy generation and accumulation, conductive paths can form through the thickness of 

the film, causing dielectric breakdown and device failure.165 It should be noted as well that charge 

injection from electrode layers during field cycling, observed to cause domain pinning and 

polarization fatigue in conventional perovskite ferroelectric materials,21,182 has also been noted as 

a potential contributor to polarization fatigue observed in HfO2-based systems.127 

 The number of cycles at which wake-up, fatigue, and breakdown occur, as well as the 

magnitude of the wake-up and fatigue processes, are strongly influenced by the selection of 

electrode material. For example, investigations that incorporate binary nitride electrode layers into 

HfO2-based ferroelectric MIM structures typically report initial polarization wake-up with field 

cycling, followed by fatigue.117,172,181 Direct comparisons between TaN and TiN have revealed that 

TaN electrodes generally result in larger wake-up magnitudes and no fatigue, whereas TiN 

electrodes yield devices that both wake-up and fatigue and can withstand more electric field cycles 

before breaking down.117 Similar to binary nitrides, incorporation of symmetric RuO2 and IrO2 

electrode layers, which have been shown to mitigate polarization fatigue in conventional 
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perovskite ferroelectrics,35,36,183 has been shown to yield HfO2 devices that both wake-up and 

fatigue with field cycling.160–162 Conversely, utilization of metallic electrode materials such as Pt, 

Ti/Pd, Ti/Au, and W have widely been observed to yield MIM devices that do not wake-up, and 

instead immediately fatigue with initial field cycling,129,167 similar to what has been experimentally 

shown for oxide perovskite ferroelectrics.35,42 

 The field cycling response dependence on electrode material is indicative of the role that 

the electrode layers play in electric field-driven mass transfer in HfO2-based thin films. Within 

HfO2-based ferroelectric systems, the function of oxygen vacancies is two-fold, causing both the 

stabilization of additional orthorhombic phase and domain pinning. Thus, it is likely that the 

utilization of oxide electrodes or electrodes that form stable oxide or oxynitride interlayers in 

contact with HfO2-based thin films, aids in the stable transfer of oxygen vacancies out of the 

ferroelectric layer during field cycling, as diagramed in Figure 2.6. To date, however, such 

behaviors can only be inferred based upon the field cycling responses117,167 and theoretical 

comparisons184 reported for oxide and nitride electrodes compared to metallic materials in HfO2-

based ferroelectric thin films. 

 

 

Figure 2.6. Diagram comparing oxygen vacancy behavior before (Pristine) and following field 

cycling of HfO2-based ferroelectric thin films processed with (a) Pt and (b) binary nitride 

electrodes. The layers are indicated on the left, and the general positions of the oxygen atoms (O) 

and oxygen vacancies (Vo
..) are identified. 
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 Given that the metastable ferroelectric orthorhombic phase has both stress and oxygen 

content contributions to its stabilization in the silicon compatible, scalable, low-thermal budget 

HZO system, electrode layers, which have been shown to strongly interact with HZO ferroelectrics 

and influence their phase composition, polarization, and field cycling characteristics, present 

vehicles to understand the interplay between these characteristics. Further, given these 

dependencies, electrodes and their processing can be utilized to tailor the ferroelectric properties 

of HZO thin films, allowing for direct implementation into on-chip applications in contemporary 

CMOS technology. 

2.6 Summary 

 Within this chapter, emergent HfO2-based ferroelectric systems have been discussed. 

Owing to their scalability and silicon compatibility, these materials are ideal candidates for 

implementation in on-chip, silicon-based CMOS memory, sensor, and transistor technology. The 

ferroelectric properties in these systems are attributed to a metastable orthorhombic phase which 

can be stabilized through the utilization of thin film thicknesses to harness its favorable surface 

energy, incorporation of oxygen vacancies and dopants to destabilize the equilibrium monoclinic 

phase, and application of biaxial stress to yield films with ideally oriented domain structure. These 

stabilization factors have opened a wide materials processing space for optimization of the 

polarization properties and phase constitutions of HfO2-based thin films. In particular, HZO has 

been identified as an alloy system that boasts linear dielectric, ferroelectric, and antiferroelectric-

like polarization responses depending on film composition, making it a leading candidate for 

device implementation. Among the avenues for structure and property optimization of HZO 

ferroelectrics, selection and process development of electrode materials have been identified as 

means to tailor the phase assemblage, polarization, and field cycling behavior of these materials. 
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Chapter 3: Development of Deposition Processes and 

Characterization Techniques for Investigations of Ferroelectric 

Hafnium Zirconium Oxide 

3.1 Introduction 

 Given the aforementioned interdependencies of stress, chemistry, and interlayer formation 

on the ferroelectric properties of HZO, effort has been undertaken to design a repeatable, robust 

process to produce HZO-based MIM devices at the University of Virginia that could be utilized as 

a vehicle to examine electrode effects on ferroelectric performance. In parallel, characterization 

and analysis techniques capable of quantifying film biaxial stress and pyroelectric coefficient have 

been built and adapted at the University of Virginia to enable investigation of properties of films 

that are predominantly in a metastable crystalline phase and <25 nm-thick. Within this chapter, the 

development of the electrode sputtering, ALD of HZO, thermal processing, and etching procedures 

are discussed, followed by the yielded device characteristics and descriptions of the measurement 

techniques utilized to investigate film properties. 

3.2 Development of ALD, Sputtering, Annealing, and Etching Processes for HZO Devices 

 MIM devices are commonly utilized to examine the polarization, permittivity, and field 

cycling properties of HfO2-based thin films.1,154,172 These structures consist of a bottom electrode 

material deposited on a substrate, the ferroelectric layer, and a top electrode material. Through 

utilization of different electrode materials,117 asymmetric electrodes,167 or different electrode 

deposition conditions,159 this device allows for examinations of processing variations on the 

polarization properties of the ferroelectric layer. As discussed in Chapter 2, binary nitride electrode 

materials are most commonly incorporated into HZO-based MIM devices owing to their important 

stress87,115,151 and chemical interactions155,156 with the HZO layer, which stabilize the orthorhombic 

phase. While TiN is the most common binary nitride employed as an electrode in HfO2-based thin 

films,1,3,154 a number of investigations have also examined TaN,82,149,185 which has been found to 

yield larger orthorhombic phase contents and polarization magnitudes at the expense of reduced 

numbers of cycles-to-breakdown.117 



53 

 

 For MIM devices prepared at the University of Virginia for the investigations detailed in 

this dissertation, 100 nm-thick TaN layers were utilized as the conductive bottom electrode 

material. These planar electrodes were deposited via a DC sputtering process in a lab-constructed 

system, which demonstrated a base pressure of 7 × 10-7 Torr. For this room-temperature deposition 

process, the substrate rotation was kept at 15 rpm, the 99.5% pure, sintered 2” TaN (Kurt J. Lesker) 

target was kept at an incident angle of 45° and a distance of 8 cm, and the target power density 

was fixed at 3.31 W cm-2, provided via an Advanced Energy MDX 1.5K DC power supply through 

a Meivac 2.0” MAK sputter gun. Deposition occurred under an argon pressure of 5 mTorr, which 

was produced with a flow of 20 sccm provided by an Alicat Scientific mass flow controller (MFC) 

that was further regulated using an Meivac Vari-Q Throttle Valve automated with an MKS 600 

Series Pressure Controller. 

 Polycrystalline TaN films from this process were observed to deposit in a cubic Fm3̅m 

phase at room temperature, assessed using grazing incidence X-ray diffraction (GIXRD) patterns 

collected on blanket films using a Rigaku Smartlab diffractometer (Cu Kα, λ = 1.5406 Å) with an 

ω incident angle fixed at 0.7°, as shown in Figure 3.1(a). Area detector XRD measurements of 

devices with TaN electrodes, discussed and shown in Chapter 5, also reveal a preferential (111) 

out-of-plane texture from this process. X-Ray Reflectivity (XRR) measurement and fitting, shown 

in Figure 3.1(b) indicate a yielded film density of 12.93 ± 0.01 g cm-3, lower than the theoretical 

density of 14.3 g cm-3, and a growth rate of 0.13 nm s-1 for these deposition conditions. Moreover, 

film roughnesses of 1.2 and 1.8 nm (RMS) were fit for films which were grown to thicknesses of 

20 and 100 nm, respectively, using this process. Further, the TaN produced by this process 

demonstrated a sheet resistance of 85.8 µΩ sq-1 for a resistivity of 8.58 × 10-4 µΩ cm-1, measured 

using a Keithley 2612A System Source Meter and a four-point probe procedure. XPS 

measurements and analysis (detailed Further in Chapter 6), revealed a N:Ta stoichiometric ratio of 

0.93 ± 0.08:1 in TaN films produced by this process, with the spectra and fit used for this 

calculation provided in Figure 3.1(c). This process was also noted to yield films with a dense 

columnar grain structure using Dark Field Scanning Transmission Electron Microscope (STEM) 

micrographs (detailed further in Chapter 8), shown in Figure 3.1(d). 
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Figure 3.1. (a) GIXRD pattern measured on a 100 nm-thick as-deposited TaN film on a silicon 

substrate with associated (b) XRR pattern (blue) and fit (orange). (c) XPS spectra measured in the 

N 1s and Ta 4f regions with associated fits. (d) Dark Field STEM micrograph measured on 

thermally processed TaN/HZO/TaN film stack. 

 

 Separate from electrode material DC sputter deposition procedures, an ALD process 

capable of producing ferroelectric HZO was also developed. ALD is a deposition technique 

commonly utilized to deposit oxides, nitrides, and metallic inorganic species.186–188 ALD 

processing relies on the sequential exposure of a substrate to a reactant, in the form of an 

organometallic precursor, followed by a purge step and then exposure with a second reactant, either 

an oxidant or second organometallic molecule, and subsequent purge, as diagramed in Figure 3.2: 
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Figure 3.2. Diagram of typical ALD process in which the (a) bare substrate is (b) exposed to 

precursor molecules, which (c) half-react with the substrate and remain on the surface. The 

precursor gas is then (d) purged from the atmosphere and (e) replaced with an oxidant (or second 

precursor species). This oxidant (f) fully reacts with the half-reacted precursor to form the near-

monolayer of deposited species, followed by another (g) purge step, after which the substrate is 

then (h) re-exposed to precursor molecules which (i) half-react with this new layer. 

 

 Precursors generally consist of the inorganic atomic species bonded with organic ligands, 

referred to as a metalorganic. Upon exposure of the precursor compound to the substrate, the 

inorganic atom bonds with the inorganically terminated substrate surface (or deposited oxide), 

ideally forming a near-monolayer of half-reacted precursor with organic ligands presenting 

sterically away from the substrate. Exposure of this ligand-terminated surface to an additional 

reactant or oxidant results in the replacement of the remaining organic ligands with the new 

reactant species and thus reactivation of the surface to subsequent cycles. Common oxidants for 

the second reaction step include H2O, ozone, and N2 or O2 plasmas, and growth tends to take place 

in the mTorr-Torr pressure regimes. Given that the surface reactions at each step are sequential 

and self-terminating at ALD temperatures, they proceed via near-monolayer growth.186 Owing to 

this, ALD films tend to be highly smooth and conformal,188 in contrast to other chemical vapor 

deposition (CVD)-based techniques, which grow via a surface-catalyzed gas phase 

reaction.186,187,189 
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 ALD is one of the most common deposition techniques for preparation of HfO2-based 

ferroelectric thin films1,3 due to the ease of thickness control, through variation in the number of 

cycles, producing amorphous HfO2 and ZrO2 films at common growth temperatures (< 330 °C).82 

In tandem, ALD HfO2 and ZrO2 processes have already been implemented in semiconductor 

fabrication foundries76,190 owing to their utility as high-κ dielectric layers.78 Accordingly, research 

has been undertaken to optimize ALD parameters and characteristics such as the selection of 

precursor species,191 growth temperature,104 precursor purge time,98 oxidant species,192 and oxidant 

exposure duration111 for superior film quality and ferroelectric performance in yielded films. 

 ALD-growths of ferroelectric HZO films typically utilize Hf(NEtMe)4 (TEMA-Hf) or 

Hf(NMe2)4 (TDMA-Hf) and Zr(NEtMe)4 (TEMA-Zr) or Zr(NMe2)4 (TDMA-Zr) as HfO2 and 

ZrO2 precursors, respectively, as detailed in Table 3.1.2,3,130,149,193 However, a number of other 

inorganic compounds have been evaluated and utilized for these processes.191 Precursor selection 

constitutes a balance between stable growth temperature, in which the precursor is reactive with 

the substrate surface but unlikely to prematurely break down, and minimization of residual 

chemical defects from the attaching species.194 Most investigations control film composition 

through alteration of the ratio of HfO2:ZrO2 ALD cycles within a super cycle (s. cyc.),3,195 which 

has been shown to result in chemically homogeneous films following thermal processing.82 

Further, mixing of precursors in-situ has also been investigated.196 
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Table 3.1. Common HfO2 and ZrO2 precursors utilized for atomic layer deposition. 

Depositing 

Species 
IUPAC Name Chemical Formula Abbreviation Structure 

Hf 
Tetrakis(ethylmethylamido) 

hafnium(IV)) 
[(CH3)(C2H5)N]4Hf TEMA-Hf* 

 

Hf 
Tetrakis(dimethylamido) 

hafnium(IV) 
[(CH3)2N]4Hf TDMA-Hf† 

 

Hf Hafnium(IV)chloride HfCl4 HfCl4 

 

Zr 
Tetrakis(ethylmethylamido) 

zirconium(IV) 
[(CH3)(C2H5)N]4Zr TEMA-Zr* 

 

Zr 
Tetrakis(dimethylamido) 

zirconium(IV) 
[(CH3)2N]4Zr TDMA-Zr† 

 

Zr Zirconium(IV)chloride ZrCl4 ZrCl4 

 

*Utilized for HZO ALD at the University of Virginia (Chapters 3, 5, 8) 

†Utilized for HZO ALD at Sandia National Laboratories (Chapters 4, 6, 7) 

 

 Ideal growth temperatures for each species are precursor-dependent, however growths 

utilizing TDMA Hf/TEMA Hf and TDMA Zr/TEMA Zr precursors tend to occur between 150 and 

300 °C.149,197,198 This temperature window simultaneously yields a low contamination from carbon 

impurities leftover from precursor reactions197 while also producing amorphous films.142 A number 

of investigators197,198 have examined the effects of different growth temperatures on the film 

characteristics and ferroelectric properties of the yielded HfO2-based layer, reporting decreases in 

growth-per-cycle and increases in film density as the deposition temperature was increased. 

Moreover, one of these studies reported that reduced carbon concentration within fully processed 

films, due to the utilization of higher deposition temperatures, correlated with larger orthorhombic 

phase compositions in the yielded HZO devices.197 
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 Oxidants for ALD HZO depositions are most commonly H2O,98,149 oxygen plasma 

(plasma-enhanced ALD, PEALD),199 or ozone.111 Experimental variation in water pulse time,118 

ozone flow time,111,119,137 or degree of plasma exposure200 during deposition has revealed that such 

parameters affect the oxygen content within the yielded films, and thus their resulting phase 

compositions and polarization properties. Reports to date that have compared the ferroelectric 

performance of films prepared using H2O and O2 plasma oxidants report a reduced thermal budget 

when plasma was utilized192 as well as higher Pr magnitudes.201 Moreover, utilization of additional 

plasma treatments during ALD has been shown to enhance the cycles-to-breakdown of prepared 

devices,200 further identifying oxygen plasma as an advantageous oxidation route compared to 

ozone and H2O-based thermal processes. 

 For the HZO deposited at the University of Virginia for the investigations detailed in this 

dissertation, depositions were conducted using TEMA-Hf and TEMA-Zr as HfO2 and ZrO2 

precursors, respectively, within an Oxford FlexAL II ALD system. This system is equipped to 

utilize water vapor, ozone, and oxygen/nitrogen plasmas as oxidative species, and maintains a base 

pressure of 2 × 10-6 Torr. Owing to low vapor pressures, TEMA-Hf and TEMA-Zr precursors were 

kept at temperatures of 70 °C and 85 °C, respectively, and during their respective 1.0 and 1.5 

second exposure steps, 250 and 350 sccm argon carrier/bubbler gas flows were employed. During 

depositions, the substrate table temperature was kept at a constant 260 °C, which has been 

identified as a temperature at which the utilized precursors readily react with substrates without 

leaving behind adverse carbon impurities.197 For oxidation, an oxygen plasma was produced using 

an oxygen pressure of 15 mTorr and 250 and 300 W of power, respectively, for HfO2 and ZrO2 

cycles. Throughout the non-precursor reaction steps the chamber was kept under a 15 mTorr argon 

pressure, whereas during precursor exposure and purge steps, the argon pressure was raised to 

80 mTorr. Precursor purge length, identified as a critical variable to produce HZO films with high 

orthorhombic phase contents using TEMA-Hf and TEMA-Zr precursors,98 was kept at 90 seconds 

for both species. Utilizing these processing conditions yielded growth rates of 0.11 and 

0.13 nm cycle-1 for HfO2 and ZrO2, respectively, with thickness uniformities of both processes 

determined to be ± 1% across a 100 mm-diameter wafer using ellipsometry. 

 HZO film thicknesses were controlled through variation in the number of cycles. For 

alloyed films, 10 cycle s. cyc. were utilized in which the ratio of HfO2:ZrO2 cycles was varied to 
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control film composition. Due to the higher growth rate for ZrO2, alloyed films tended to be more 

ZrO2-rich than indicated solely by the utilized s. cyc. ratio. Further, XRR analyses of amorphous 

20 nm-thick, 6:4 HfO2:ZrO2 films on silicon revealed a roughness of 0.8 nm RMS. 

 Following ALD HZO deposition, planar TaN top electrodes were deposited using a process 

identical to that utilized for the bottom electrode. Completed TaN/HZO/TaN stacks were then 

thermally processed within an Allwin21 AccuThermo 610 Rapid Thermal Processor (RTP) under 

a nitrogen atmosphere at atmospheric pressure. Given the wealth of experimental investigations 

examining the effects of thermal processing conditions on the stabilization of the orthorhombic 

phase in HZO thin films,98,138,202 an annealing duration of 30 seconds was selected and ramp and 

cooling rates of 50 and ~2 °C s-1 (on average) were utilized, respectively. For 20 nm-thick HZO 

films, a processing temperature of 600 °C was found to yield a large orthorhombic phase 

composition, whereas for 10 nm-thick films, a processing temperature of 700 °C was required.104 

 After thermal processing, circular palladium contacts with diameters between 100 and 

500 µm were sputter deposited on the surfaces of the TaN/HZO/TaN film stacks through a shadow 

mask. The conditions for the palladium deposition process were identical to the TaN process, 

however instead from a palladium target (99.9% pure, 2” diameter, Kurt J. Lesker). These 

palladium contacts were subsequently utilized to define device areas by acting as hard masks 

during RCA Standard Clean 1 (SC-1) etch removal of the TaN top electrode layer. The SC-1 etch 

procedure, commonly utilized for MIM film stacks with binary nitride electrodes and metal 

contacts,110 was found to be selective against removal of HZO and palladium. For this procedure, 

NH4OH (30% in H2O), H2O2 (30% in H2O), and H2O were combined, without mixing, in a 1:1:5 

volumetric ratio and heated to 58 °C using a hot plate, measured with a thermometer, as shown in 

Figure 3.3. For a typical etch a 300 mL beaker was employed to hold 56 mL of etchant, and the 

hot plate was set to 130 °C to achieve the desired temperature. The 40 mL of H2O was added to 

the beaker first followed by the thermometer, which was suspended ~1.5 mm from the bottom of 

the beaker near the center with the bulb fully submerged. Once the water temperature reached 

50 °C, 8 mL of the H2O2 solution was added, followed directly by 8 mL of NH3OH solution. 

Samples were then immediately submerged in the solution with the etch side facing up, and 

separated such that there was no surface overlap. The temperature was monitored continuously to 

ensure a constant temperature of 58 °C (following the initial decrease when the etchants were 
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added) throughout the procedure. The etch rate was found to be approximately 2 nm min-1 for TaN 

films using this procedure, and 45 minutes of exposure was allotted for 20 nm-thick TaN top 

electrodes to ensure their complete removal. 

 

 

Figure 3.3. Diagram of setup utilized to remove TaN layers with SC-1 etch procedures. 

 

 For the standardized Si/SiO2(native)/TaN/HZO/TaN/Pd devices, diagramed in Figure 3.4, 

thicknesses of 100 and 20 nm were selected for the top and bottom electrode layers, respectively. 

100 nm was chosen for the bottom electrode such that the bottom electrode and HZO layers could 

be easily distinguished during XRR analysis, whereas 20 nm top electrodes were utilized given 

the slow removal rate of TaN using the SC-1 etch. Palladium contacts were deposited to a thickness 

of 50 nm to negate any nonuniformity effects related to shadow mask utilization. Further detail 

about the development of the HZO MIM process is available in the Appendix of this dissertation. 
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Figure 3.4. The standard MIM device used for investigations utilizing films prepared at the 

University of Virginia. The layer species are indicated on their respective locations, and the layer 

thicknesses are indicated on the right. 

 

 Through control of both composition and thickness, films with compositions spanning 

from pure HfO2 to pure ZrO2 could be processed to produce devices demonstrating all three 

monoclinic, orthorhombic, or tetragonal phases, as assessed by GIXRD patterns, plotted in Figure 

3.5, collected using a Rigaku Smartlab diffractometer (Cu Kα, λ = 1.5406 Å) with ω incident angle 

fixed at 0.7°. Utilizing XPS measurements of fully processed devices, s. cyc. ratios of 8:2, 6:4, and 

3:7 HfO2:ZrO2 were determined to result in compositions of Hf0.69Zr0.31O2, Hf0.54Zr0.46O2, and 

Hf0.21Zr0.79O2, respectively. The growth rate per 10 cycle s. cyc. was also revealed to fall between 

1.21 and 1.29 nm cycle-1, depending on the cycle ratio. 
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Figure 3.5. GIXRD patterns measured on (a) 20 and (b) 10 nm-thick HZO films with compositions 

ranging from pure HfO2 (bottom) to pure ZrO2 (top). The compositions of the films are indicated 

to the left of each respective pattern, and indexing for each of the observed reflections are indicated 

above each panel by grey dotted lines. 

 

 For the 20 nm-thick films, shown in Figure 3.5(a), pure HfO2 crystallized in a pure 

monoclinic phase, as evidenced by the two monoclinic reflections present at 28.6 and 31.8°. 

Alloyed films demonstrated a reflection at 30.6°. This peak is frequently indexed as both the 

(111) orthorhombic and (101) tetragonal reflections (t + o), or some combination thereof, owing 

to similar d-spacings of the two phases. As film compositions approached pure ZrO2, the intensities 

of the monoclinic peaks decreased and the intensity of the superimposed t + o peak increased. The 

pattern measured on the 20 nm-thick pure ZrO2 film demonstrated only a single peak, which was 

indexed to the tetragonal phase. For the 10 nm-thick films, shown in Figure 3.5(b), the same trends 

in phase and composition were observed, however the pure HfO2 film demonstrated peaks 

consistent with some mixture of all three monoclinic, orthorhombic, and tetragonal phases. With 

the addition of 31% ZrO2, the intensities of the monoclinic peaks were observed to completely 

diminish, and patterns measured on all subsequent compositions revealed only a single peak 

consistent with the superimposed t + o reflection. 

 Given the difficulty in unambiguously separating the phases present in HZO devices 

utilizing only diffraction patterns, P(E) and PUND responses were measured on each of the 20 and 

10 nm-thick films, using a Radiant Technologies Precision LC II Precision Materials Analyzer, to 
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further analyze phases present and investigate polarization behavior. P(E) measurements were 

completed out to 2.5 MV cm-1 (HfO2, Hf0.69Zr0.31O2, Hf0.54Zr0.46O2, Hf0.21Zr0.79O2) or 3.0 MV cm-1 

(ZrO2) with a period of 1 ms, whereas PUND measurements were completed with a pulse 

amplitude of 2.5 MV cm-1, a pulse width of 1 ms, and a pulse delay of 100 ms. P(E) responses 

measured on the 20 nm-thick films, shown in Figure 3.6(a-e), revealed linear dielectric behavior 

for pure HfO2 before and following cycling with 104, 1 kHz, 2.0 MV cm-1 square waves. As the 

concentration of ZrO2 was increased, the pristine and field cycled polarization responses became 

more ferroelectric, with a maximum remanent polarization observed for the Hf0.54Zr0.46O2 

composition. With further increases in ZrO2 content, the pristine polarization response became 

more pinched, antiferroelectric-like, ultimately arriving at a pure antiferroelectric-like response 

when a tetragonal pure ZrO2 film was measured. Utilization of 10 nm-thicknesses, plotted in 

Figure 3.6(f-j), once again yielded trends similar to those observed when 20 nm film thicknesses 

were utilized, however with the HfO2-rich compositions producing responses that were more 

ferroelectric. For example, the 10 nm-thick pure HfO2 film was measured to have a clear 

ferroelectric response following field cycling, in contrast to its 20 nm-thick equivalent, which only 

showed linear dielectric behavior. Once again, the largest polarization responses before and after 

field cycling were observed for the Hf0.54Zr0.46O2 in this thickness series, and the responses became 

more antiferroelectric-like as the film compositions approached pure ZrO2. 
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Figure 3.6. P(E) responses measured before (orange) and after (blue) field cycling on (a-e) 20 and 

(f-j) 10 nm-thick HZO films with compositions spanning from pure HfO2 to pure ZrO2, as 

indicated above. 

  

 PUND measurements conducted before and after field cycling, shown in Figure 3.7, 

allowed for quantification of the remanent polarizations present in each of the films as a function 

of their composition and thickness. For measurements made on the 20 nm-thick films, shown in 

Figure 3.7(a), the end-member HfO2 and ZrO2 films demonstrated no remanent polarizations 

before or after field cycling, whereas remanent polarizations, which increased with field cycling, 

were measured on the alloyed films, with the highest magnitude measured on the Hf0.54Zr0.46O2 

composition. Once again, measurements of the 10 nm-thick films, shown in Figure 3.7(b), 

similarly revealed strong remanent polarizations in the alloyed films, which increased with field 

cycling, with the Hf0.54Zr0.46O2 film demonstrating the highest magnitude. While PUND 

measurements of the 10 nm-thick pure ZrO2 film yielded no remanent polarization before or after 

field cycling, the pure HfO2 film demonstrated a pristine Pr, which increased following cycling. 
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Figure 3.7. Remanent polarization magnitudes extracted from PUND measurements made on (a) 

20 and (b) 10 nm-thick HZO films before (orange) and after (blue) field cycling as a function of 

composition. 

 

 For a further understanding of the changes in phase and switching behavior that accompany 

variation in HZO composition and thickness with the MIM devices, capacitance-voltage (CV) 

measurements were carried out between ± 2.5 MV cm-1 on each HZO MIM device, as plotted in 

Figure 3.8, using a Keysight E4980A LCR meter with AC oscillator of 50 mV and a frequency of 

10 kHz. The CV responses measured on the 20 nm-thick films, shown in Figure 3.8(a-e), show 

trends expected based upon the P(E) responses and diffraction measurements. The relative 

permittivity values increase from 22 to 50 as the films vary from pure monoclinic phase HfO2 to 

pure tetragonal phase ZrO2, which is consistent with modeling and experimental work examining 

the permittivity behavior of this system.3,154 The switching peaks observed in the profiles measured 

on the Hf0.69Zr0.31O2 and Hf0.54Zr0.46O2 films coincide with the coercive fields observed in the 

films’ corresponding P(E) measurements. In tandem, the profile measured on the Hf0.21Zr0.79O2 

film demonstrates multiple switching peaks consistent with the multiple coercive fields observed 

in its corresponding pristine antiferroelectric-like P(E) response. For the responses measured on 

the 10 nm films, plotted in Figure 3.8(f-j), all relative permittivity magnitudes were found to be 

larger, in general, than for the responses measured on the 20 nm series. This is indicative of larger 

orthorhombic and tetragonal phase contents, which is supported by P(E) and diffraction behavior. 

Once again, switching peaks in CV profiles measured on the 10 nm-thick samples also occur at 

fields consistent with the coercive fields observed in the films’ respective P(E) responses. 
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Figure 3.8. CV profiles (orange line, left axis) and associated loss tangents (open points, right axis) 

measured on (a-e) 20 and (f-j) 10 nm-thick HZO films with varying composition, as indicated 

above the plots. 

 

 The electrical and structural measurements of the TaN/HZO/TaN MIM devices yielded by 

the detailed process above show that the devices crystallize in the expected phases, demonstrate 

the expected polarization responses, and show expected permittivity behavior given previous 

reports on the HZO system.3,149 By varying the electrode characteristics, materials, and deposition 

conditions, this MIM device provides a vehicle through which the effects of the electrode layers 

on the polarization properties of ferroelectric HZO can be investigated. 

3.3 Quantifying Biaxial Stress in HZO Devices 

 In conventional oxide ferroelectrics, effects of biaxial stress on the domain structure 

displayed by the material have been widely observed through electrical, mechanical, and structural 

measurements made while intentionally loading,203 and made on films processed using different 

substrate or template materials.204,205 Such experiments have identified that, either through altering 

crystallographic texture or domain orientation, biaxial stresses can ultimately affect the 

polarization responses,203 dielectric properties,204 and Curie temperatures206 of ferroelectric films. 

In sol-gel deposited PZT specifically, imparting of compressive biaxial stress directly on films 
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resulted in larger measured polarizations, owing to the long polar axis in this material,203,204 which 

directly showcases the utility in examining film biaxial stress as an avenue for property 

optimization. 

 As discussed in Chapter 2, the role of biaxial stress on the properties of HfO2-based and 

HZO thin films is more complicated than in other conventional oxide ferroelectrics. Where effects 

of tensile biaxial stress directly on the domain structure and polarization responses have been 

observed to be similar to other conventional materials,115,116,151 the stabilization of the 

orthorhombic phase due, in-part, to the presence of biaxial stress87,150 also may play a role in these 

effects. Thus, development of characterization techniques, which allow for precise quantification 

of stress magnitudes in HZO thin films is necessary to rigorously examine these effects on their 

ferroelectric properties. 

 As crystallographic strain is necessarily a deviation in equilibrium atomic spacing related 

to the application of an external stress, diffraction measurements have been widely harnessed to 

assess and quantify these effects through sin2(ψ) analysis.207–210 These analyses rely on examining 

the changes that occur in d-spacing (εψ) relative to the angle between the diffracting 

crystallographic planes and film normal (ψ). By making the assumption of a uniform biaxial stress 

and an isotropic solid, the stress tensor takes the form of Equation 3.1:209 

 

σij = [

σ|| 0 0

0 σ|| 0

0 0 0

] 

3.1 

  

 Where σ|| is the biaxial stress magnitude. In this case, the normal component of the tensor, 

σ33, is 0 because the film cannot support a normal stress. With the above simplification, a 

generalized form of Hooke’s law, and a matrix transformation between the laboratory and sample 

frames, the strain and out of plane angle can be related using Equation 3.2:209 
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εψ = 
1+ν

E
σ|| sin

2
ψ -

2ν

E
σ|| 

3.2 

 

Where the strain as a function of ψ angle can be taken as Equation 3.3: 

 

εψ = 
dψ-d0

d0

 
3.3 

  

 In these expressions, εψ is the crystallographic strain as a function of out of plane angle ψ, 

ν is Poisson’s ratio, E is Young’s Modulus, and d0 is the strain-free d-spacing. While an 

experimental, strain-free d-spacing may be readily available for a well-known powder standard, 

knowledge of this quantity for orthorhombic HfO2 to date has entailed DFT calculations93,211 and 

experimental STEM measurements of heavily strained Gd-doped thin films.92 Given that an 

experimental value for orthorhombic HZO would be different due to the inclusion of ZrO2, and 

that modeled values may not represent a realistic experimental strain-free d-spacing, utilization of 

these numbers could potentially reduce measurement accuracy. Instead of these values, with the 

continued assumptions of a uniform biaxial stress state and isotropic solid, a strain-free d-spacing 

can be estimated to occur at an angle, ψ*, at which Equation 3.4 is fulfilled:209,210 

 

sin(ψ*)  = √
2ν

1+ν
 

3.4 

  

 Thus, a strain-free d-spacing and biaxial stress magnitude can both be calculated for a film 

with the singular assumptions of a uniform biaxial stress state and an isotropic solid. It should be 

noted that positive slopes in d-spacing vs. sin2(ψ) are indicative of tensile biaxial stress, whereas 

negative slopes in this relationship are indicative of compressive biaxial stress. Utilizing this 

technique, large tensile biaxial stresses (2 – 3 GPa) have been widely observed in HfO2-based 
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films with binary nitride electrodes.124,125,152 However, these reports have only estimated these 

values using the strong positive slopes of the linear fits of d-spacing versus sin2(ψ), and employed 

calculated values for Poisson’s ratio and Young’s Modulus to provide lower and upper bounds for 

stress magnitudes. 

 Utilization of this technique to directly examine the magnitudes of biaxial stress states 

present within ferroelectric HZO thin films is made difficult by two factors; the films are 

necessarily less than 25 nm-thick and the d-spacings of the orthorhombic and tetragonal phases 

are similar enough to be undifferentiable in diffraction patterns collected on thin polycrystalline 

films. Owing to the small interacting sample volumes, GIXRD geometries are frequently 

employed when collecting diffraction patterns on these materials in order to maximize the beam 

footprint on the sample surface.3,110,149 Such a geometry is not ideal for collecting patterns with χ 

angles far from ~0° using laboratory instruments. Further, as discussed in section 3.2, the (111) 

orthorhombic and (101) tetragonal planes, both producing the most intense reflections in their 

respective structure factors, are frequently indexed as some combination of the two phases owing 

to similar d-spacings.3,142 Ultimately, these two considerations make unambiguous assessment of 

the biaxial stresses within a mixed-phase HZO thin film experimentally difficult, precipitating the 

need to further adapt the sin2(ψ) technique for this material system. 

 To maximize the amount of diffracted intensity produced by HZO films examined using 

the sin2(ψ) technique at the University of Virginia, Bruker D8 Venture and APEXII Duo 

diffractometers equipped with Photon III and APEXII detectors, respectively, were employed to 

collect area detector diffraction patterns, as diagrammed in Figure 3.9. These diffractometers both 

harness Incoatec IµS Cu Kα microfocus radiation sources, which utilize focused electron beams 

between their tungsten filaments and copper anodes to produce photon fluxes superior to 

traditional X-ray tubes in conventional laboratory-based powder diffraction instruments. In 

tandem, utilization of area detectors allows for collecting of diffracted intensity at wide γ angles 

(± 45°) with single frame captures, in contrast to point or line detectors, which require tilting of 

the sample or optics and multiple measurements for similar information. It should be noted as well 

that  incident angles of 15 - 20° were required based upon goniometer geometry in these 

measurements. 
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Figure 3.9. Area detector X-ray diffraction measurement setup utilized to collect patterns for 

sin2(ψ) analyses. The programmable sample orientations, including incident angle (ω), sample tilt 

(χ), and sample rotation (ϕ), are indicated with green dotted lines and arrows, whereas the 

measurement frame angles, including angle from film normal (ψ), angle from detector normal (γ), 

and diffraction angle (θ) are indicated with red dotted arrows. The location of the MgO powder 

standard is indicated with a black dotted arrow, whereas the X-ray path is indicated with blue 

arrows. 

 

 Given that quantitative knowledge of a number of spatial relationships, including sample 

height, detector angles and distance, and radiation incident angle, is required for analysis of area 

detector patterns collected with both of these diffraction systems, a strain-free MgO powder was 

adhered to the film surfaces with vacuum grease to allow for sample displacement, detector, and 

sample alignment during post processing. This powder is utilized initially in the measurement 

procedure as an optical focus for the instrument camera, to provide the initial sample displacement. 

This standard has known d-spacings, none of which produce diffracted intensity in the same 

angular regions as the high intensity orthorhombic, tetragonal, and monoclinic reflections in HZO 

(26 – 33° in 2θ). This powder was employed, in conjunction with pyFAI azmithual integration 

software,212 to align and unwarp area detector patterns following their measurement, as shown in 

Figure 3.10(a-b). During this unwarping process, γ angles (angle relative to film normal in the 

detector frame) are also converted to ψ angles (angle relative to film normal in the film frame), 

which is necessary given that the area detector measures a flat section in diffraction space.213 This 
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flat detection scheme is different than conventional diffraction geometries, in which distance 

between the sample and the detector is assumed to be fixed regardless of detector angle. The 

unwarping process converts the Debye-Scherrer diffraction rings to diffraction lines, where their 

vertical position is their ψ angle relative to film normal and their horizontal position is diffraction 

angle, 2θ. While the diffraction lines from the MgO strain-free standard are essentially completely 

straight and vertical following this process, variations in the angular position of HZO peaks with 

ψ angle occur due to crystallographic strain. 

 Following unwarping and conversion between γ and ψ, intensity line profiles were 

extracted at individual ψ angles, an example of which is shown in Figure 3.10(c). Pearson VII peak 

shapes were then fit to these individual line profiles (essentially θ-2θ diffraction patterns measured 

at an angle ψ) using LIPRAS fitting software214 to extract the d-spacings of the (111) 

orthorhombic/(101) tetragonal planes. The deviations from the equilibrium d-spacing as ψ angle 

changed were then fit using Equations 3.2-3.4 to quantify the amount of biaxial stress present 

within the film, as shown in Figure 3.10(d). 
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Figure 3.10. (a) Area detector diffraction pattern measured on a processed TaN/20 nm HZO/TaN 

film stack with indexing for HZO, silicon, and MgO reflections indicated with white arrows. (b) 

Unwarped area detector diffraction pattern with MgO diffraction lines indicated by white dotted 

lines and above panel. (c) Line scans extracted at various ψ angles, as indicated by the legend, with 

indexing for the HZO t + o reflection indicated with a blue dotted line. (d) Change in d-spacing 

(filled circles, left axis) and normalized t + o peak area (open circles, right axis) with ψ angle, 

along with linear fit of d-spacing data (red dotted line), calculated film biaxial stress (upper left), 

and XPS-measured film composition (upper left). 

 

 Through analysis of measured area detector patterns and TEM micrographs of fully 

processed TaN/HZO/TaN film stacks, the validity of the required assumptions of a uniform biaxial 

stress state and an isotropic solid can be assessed. To begin, the change in d-spacing with ψ angle, 

plotted in Figure 3.10(d), is strongly linear, which is evidence that there are not strong biaxial shear 

stresses present in the film.125 In tandem, measurements at various ϕ angles did not yield strongly 
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different biaxial stress values, as detailed in the appendix. Both of these observations validate the 

utilization of Equation 3.1 to derive Equation 3.2.125 Further, the integrated intensities of t + o 

diffraction peaks with ψ angle, also plotted in Figure 3.10(d), remain essentially constant, and 

examination of the HZO microstructure, shown in Figure 3.1(d), reveals no strongly preferred 

grain orientation. With these two factors combined, it is evident that the films do not have strong 

crystallographic texture and the assumption of an isotropic solid is validated.125 

 With the assumptions of a uniform biaxial stress and isotropic solid validated, utilization 

of area detector diffraction-based sin2(ψ) analyses offer the ability to unambiguously and 

accurately quantify the amount of biaxial stress present within < 25 nm-thick ferroelectric HZO 

thin films following their processing. A further discussion of the repeatability of this measurement 

technique and the propagation of fitting errors, associated peak positions, and linear d-spacing fits 

can be found in the Appendix. 

 Aside from examinations of diffraction-based crystallographic strain analyses, wafer 

flexure measurements also provide a means to examine deposition and processing stresses in thin 

films.215–217 Such measurement rely on assumptions of a uniform biaxial stress state and an 

isotropic solid, similar to diffraction-based measurements, with the added assumption of a uniform 

film thickness, which is substantially smaller than the thickness of the substrate.216,218 For these 

analyses, 250 µm-thick, 50 mm-diameter silicon substrates were utilized, and roughness values for 

HZO films, extracted from fitting of XRR patterns measured on processed TaN 

(100 nm)/HZO (20 nm) film stacks, were found to be 0.9 nm RMS. Thus, these assumptions are 

validated through utilization of sufficiently smooth, uniform, and thin HZO films. Harnessing 

these assumptions, the curvature of a substrate material is related to the stress present from a thin 

deposited or processed film on its surface according to the Stoney Equation (Equation 3.5):219 

 

κ = 
6σ||hf(1-νs)

Eshs

 
3.5 

   

 Where κ is the curvature (in m), hf is the thickness of the film (in m), νs is Poisson’s ratio 

for the substrate, Es is Young’s Modulus for the substrate (in Pa), and hs is the thickness of the 
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substrate (in m). This expression can be further adapted for deposition or processing stress by 

examining the radius of curvature before and after individual steps using Equation 3.6:218 

 

σ|| = 
Eshs

2

6(1-νs)hf

(
1

RF

 - 
1

R0

) 
3.6 

 

Where RF and R0 are the radii of curvature (κ-1, in m-1) after and before the processing step, 

respectively. 

 Using Equation 3.6, it is possible to quantify the amount of stress incurred within a 

substrate with the completion of a deposition or processing step with only the experimental 

measurement of the substrate height profiles before and after said step, knowledge of mechanical 

properties of the substrate, and knowledge of the film thicknesses. In developing wafer flexure-

based procedures for stress quantification at the University of Virginia, utilization of a Bruker 

DektaxXT stylus profilometer was found to offer the combination of sufficient height resolution, 

translational capability, and measurement speed to adequately characterize 50 mm-diameter 

circular wafers, as diagramed in Figure 3.11(a). Within this procedure, profiles were compared 

along both perpendicular diameters to ensure a truly biaxial stress state. While the curvature of the 

substrate theoretically varies similarly at all length scales, a measurement of the entire wafer 

diameter was found to reduce effects from localized curvature variations and film imperfections. 

Measured profiles were then fit with 2nd degree (2d) polynomials, as shown in Figure 3.11(b), to 

extract their radii of curvature. 
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Figure 3.11. (a) Diagram of stylus profilometer measurement with substrate and profilometer tip 

labeled and scan profile direction indicated with a red dotted arrow. (b) Example height profile 

(blue) and associated 2d polynomial fit (orange) measured following HZO deposition on a TaN 

bottom electrode on a silicon substrate. 

 

 With a polynomial fit of the height profile, the radius of curvature of the wafer can be 

calculated using Equation 3.7: 

 

RF,0 = 
[1+y'(x)F,0

2 ]
3
2

|y''(x)F,0|
 

3.7 

  

 Where RF,0 is the radius of curvature (in m-1) after (F) and before (0) the processing step, 

and y'(x)F,0 and y''(x)F,0 are the first and second derivatives of the 2d polynomial fit to the measured 

height profiles, respectively. It should be noted that the direction of curvature change is not 

captured by this calculation because the absolute value of the derivatives is utilized in each 

occurrence in Equation 3.7. Because of this, direct comparison of the height profiles before and 

after each step is required to confirm the sign of the biaxial stress change. Measurements of this 

variety have already been utilized to qualitatively examine the stresses present within processed 

HfO2-based thin films.151 However, in this prior report, only the relative magnitudes of biaxial 

stresses were discussed for HZO films processed with TiN top electrodes of different thicknesses, 
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and specific values were not stated. While this technique is less common for strain analysis than 

previously mentioned sin2(ψ) analyses in the HZO system, it is widely utilized in clean room 

facilities for process development owing to its ease of measurement and data interpretation. 

 In total, these two stress measurement and analysis techniques provide the capability to 

unambiguously identify and quantify the signs and magnitudes of biaxial stresses in < 25 nm-thick 

HZO films. Both of these techniques rely on assumptions of uniform biaxial stress states and 

isotropic solids, which are validated through examination of area detector diffraction patterns and 

micrographs captured on processed HZO films. It should be noted as well that diffraction-based 

measurements necessarily examine the stress of specific crystallized layers whereas flexure-based 

measurements probe the strain of all films, crystalline or amorphous, present on the substrate 

surface. 

3.4 Pyroelectric Measurements of HZO 

 Aside from techniques assessing strain in HZO thin films, which allow for the investigation 

of its effects on the polarization properties, examination of film pyroelectric responses provide 

information on their ferroelectric domain structures. Ferroelectric materials are necessarily 

pyroelectric, meaning that oscillations in their temperature produce magnitude changes of their 

crystallographic dipoles due to lattice expansion and contraction. These crystallographic dipole 

magnitude changes manifest as current. The amount of current produced by a change in 

temperature, referred to as the pyroelectric coefficient, can be calculated as Equation 3.8:220 

 

p = 
iIsin(θ)

AωTI

 
3.8 

 

Where p is the pyroelectric coefficient (usually reported in µC m-2K-1), iI is the amplitude of the 

experimentally measured pyroelectric current, θ is the difference in phase between the temperature 

and current oscillations, A is the planar area of the device, and ω and TI are the angular frequency 

and amplitude of the temperature oscillations, respectively. Pyroelectric current is generated 90° 
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out-of-phase with temperature oscillations, meaning that the inclusion of the sin(θ) term removes 

non-pyroelectrically generated contributions. While, in an ideal system, all generated current 

would be 90° out-of-phase with temperature oscillations, real materials have charged defects and 

real apparatuses have circuit elements, which may also produce current due to these changes. 

 Pyroelectric materials have found application in IR sensor devices, where thermal energy 

is detected and converted to current or voltage to produce an image or distinguish a warm 

signature.52 They have also been investigated for waste heat harvesting, where they can passively 

generate current in contact with a component experiencing regular temperature oscillations.53 

Applications in active energy harvesting, in which the material is poled at lower temperature and 

discharged at higher temperature, taking advantage of the Olsen cycle, have also been examined.51 

While HfO2-based ferroelectric materials offer the possibility for integration of these sensor and 

energy harvesting systems directly into silicon CMOS platforms, generation of pyroelectric current 

is separately a useful means to unambiguously identify the orthorhombic phase. Given that the 

centrosymmetric monoclinic and tetragonal phases are incapable of producing pyroelectric current, 

all generated currents can be ascribed to any orthorhombic phase present, which can aid in 

distinguishing it when diffraction and electrical measurements are insufficient.149,185 

 To characterize the pyroelectric coefficient of ferroelectric thin films, experimental 

measurements of generated currents and temperature oscillation profiles are necessary. A number 

of reports have made these measurements on ferroelectric silicon-doped HfO2 thin films via 

thermally resolved electrical measurements221 and current monitoring during kHz-frequency 

temperature oscillations.222,223 While these studies report coefficients between -27 

and -60 µC m-2K-1 for nearly phase-pure orthorhombic silicon-doped HfO2,
222,223 they also suffer 

current contributions from the piezoelectric effect owing to their quick temperature loading,224 and 

rely on specific knowledge of the thermal properties of the neighboring device materials.223 

 As an alternative, utilization of low frequency temperature oscillations with direct current 

measurements reduces extrinsically generated current contributions, and allows for more accurate 

quantification of pyroelectric coefficients.224,225 These measurements are most readily completed 

using Sharp and Garn method,226 which has been widely employed to investigate the pyroelectric 

properties of HfO2-based thin films.149,185,225,227,228 This method relies on an external heat source, 

typically a thermoelectric Peltier cooler, to oscillate device temperature while the generated current 
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is monitored by a low-noise ammeter, often an electrometer, as diagramed in Figure 3.12. The 

thermoelectric temperature oscillation amplitude and frequency can be controlled via the 

programming of drive waveforms from a waveform generator. This temperature is then read either 

directly off of the device or off of a neighboring substrate of equivalent thermal mass using a 

thermocouple. 

 

 

Figure 3.12. Diagram of pyroelectric measurement apparatus based on Sharp and Garn226 

method. Electrometer, thermocouple, Peltier cooler, sample, thermal mass, and AC drive 

components are indicated in black. 

 

 The resulting temperature and current profiles can be fit with sinusoidal waves to discern 

their phase differences. Then, using this phase difference, their identical angular frequencies and 

their respective amplitudes, pyroelectric coefficients can be calculated using Equation 3.8. 

Example temperature and current profiles, measured on a fully processed 20 nm-thick 

Hf0.54Zr0.46O2 device before and after poling (prepared using the process detailed in this chapter), 

are shown in Figure 3.13. For these measurements, a temperature oscillation frequency of 10 mHz 

was produced using a Keysight 33500B Waveform Generator, where a waveform amplitude of 

10 V peak-to-peak was found to produce a temperature amplitude of ± 2 °C on the surface of the 

utilized Peltier cooler (TE Technology model VT-127-1.0-1.3-71). The temperature of the Peltier 

cooler was monitored using an Type E Surface Thermocouple (Omega Engineering SA1XL-E-

SRTC), whereas generated currents were read using a Keithley 6514 Electrometer. Before poling, 

temperature oscillations produce a weak current response, as plotted in Figure 3.13(a). In this state, 

the film was calculated to have a pyroelectric coefficient of -4 µC m-2K-1. This signal is generated 

by a domain structure that is only partially poled (likely by some aspect of device processing), and 

so produces competing currents in opposite directions. Following poling, the domain structure is 
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effectively fully aligned, and so produces a strong current response, as plotted in Figure 3.13(b). 

Once poled, the film demonstrated a pyroelectric coefficient of -28 µC m-2K-1. This value is 

consistent with other reported low frequency temperature oscillation measurements of 20 nm-thick 

Hf0.5Zr0.5O2 films.149,185,228 

 

 

Figure 3.13. Sinusoidal temperature oscillation (red line, right axis) and resulting pyroelectric 

current (blue line, left axis) generated by a TaN/20 nm HZO/TaN device (a) before and (b) after 

poling with a single P(E) measurement. The pyroelectric coefficients, calculated using the 

temperature and current profiles, are indicated in the lower left of each respective plot. 

 

 It should be noted that pyroelectric coefficients measured on HZO and other HfO2-based 

ferroelectric thin films are more modest than those reported for more commonly utilized 

ferroelectric perovskites. Where the maximum pyroelectric coefficients reported for HZO, silicon-

doped HfO2, and lanthanum-doped HfO2 are -55,185,228 -72223 and -80225 µC m-2K-1, respectively, 

values in excess of -200 µC m-2K-1 are regularly reported for PZT and BTO.51 While this ultimately 

translates to less efficient conversion between heat and current than their conventional perovskite 

counterparts, many figures of merit take into account relative permittivity factors which favor 

HfO2, and the silicon compatibility and scalability of HfO2-based ferroelectrics give them access 

to scaled, on-chip applications which are not possible with lead and barium containing materials. 

Regardless, characterization of pyroelectric currents produced by HZO and HfO2-based 

ferroelectrics provides a means to unambiguously identify the orthorhombic phase. 
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3.5 Summary 

 Within this chapter, detail is provided on the processing and characterization methods 

developed to complete the bulk of the research further discussed in this dissertation. The sputtering 

and atomic layer deposition, etching, and thermal processing procedures, synthesized and 

improved upon from details reported by other groups, are described. The electrical properties of 

the yielded HZO devices are shown to be equivalent to those reported by other groups in literature, 

confirming that these devices can be harnessed for further experimentation on electrode effects on 

their polarization properties. Further, methods for area-detector diffraction and wafer 

flexure-based quantification and analysis of biaxial stresses are described. It is determined that the 

required assumptions of uniform biaxial stress states and isotropic solids are valid in the 

TaN/HZO/TaN devices through analysis of area detector diffraction patterns and TEM 

micrographs of fully processed HZO layers. Finally, a detailed description and review of the 

procedures utilized to reliably quantify the pyroelectric coefficient in HfO2-based ferroelectric thin 

films is provided. It is also noted that characterization of pyroelectric coefficients provides a means 

to unambiguously identify the orthorhombic phase, which can be difficult in < 25 nm-thick, mixed 

phase HZO films. 
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The body of text of this chapter has been adapted to include the supplemental information and 

figures, where appropriate. 

 

4.1 Motivation 

 This chapter provides a survey of the field cycling behavior of ferroelectric HZO thin films 

with different electrode materials. While the ALD conditions for the HZO are nominally identical, 

the field cycling and polarization properties of the resulting MIM devices, prepared at Sandia 

National Laboratories, are different owing to the utilization of symmetric TaN, W, or Pt layers as 

electrodes. These differences are explored through synchrotron microdiffraction measurements of 

pre-cycled discreet devices. This first investigation provides the context through which additional 

electrode effects are explored, revealing that polarization fatigue and wake-up with initial field 

cycling can be observed in the same HZO with different electrode materials. 

https://dx.doi.org/10.1021/acsami.0c03570
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4.2 Abstract 

 Ferroelectric hafnium zirconium oxide holds great promise for a broad spectrum of CMOS 

compatible and scaled microelectronic applications, including memory, low voltage transistors, 

and infrared sensors, among others. An outstanding challenge hindering implementation of this 

material is polarization instability during field cycling. In this study, the nanoscale phenomena 

contributing to both polarization fatigue and wake-up are reported. Using synchrotron X-ray 

diffraction, the conversion of non-polar tetragonal and polar orthorhombic phases to a non-polar 

monoclinic phase while field cycling devices comprising noble metal contacts is observed. This 

phase transformation accompanies a diminishing ferroelectric remanent polarization and provides 

device-scale crystallographic evidence of phase transformation leading to ferroelectric fatigue in 

these structures. A reduction in the full width at half maximum of the superimposed tetragonal 

(101) and orthorhombic (111) diffraction reflections is observed to accompany wake-up in 

structures comprising tantalum nitride and tungsten electrodes. Combined with polarization and 

relative permittivity measurements, the observed peak narrowing and a shift in position to lower 

angles is attributed, in part, to a phase transformation from the non-polar tetragonal to the polar 

orthorhombic phase during wake-up. These results provide insight into the role of electrodes on 

the performance of hafnium oxide-based ferroelectrics, mechanisms driving wake-up and fatigue, 

and demonstrate a non-destructive means to characterize the phase changes accompanying 

polarization instabilities. 

4.3 Introduction 

HfO2-based thin films have witnessed substantial investigation as CMOS compatible 

ferroelectrics following the first report of polarization hysteresis in 2011.1 For device applications 

for which size scaling is required, such as ferroelectric random access memory (FE-RAM),2,229 

negative differential capacitance field-effect transistors (NC-FETs),230 and ferroelectric tunnel 

junctions (FTJs),231,232 HfO2-based films are promising. This is owed to two major factors. First, 

ferroelectricity in polycrystalline HfO2-based films has been demonstrated at thickness scales (1 – 

5 nm)185,233,234 at which conventional ferroelectrics, such as Pb(Zr,Ti)O3 and BaTiO3, exhibit 

significant scaling effects.58 Second, large scale deposition tools and processes have already been 
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developed for incorporation of HfO2 thin films as high-κ dielectric layers in current CMOS 

processes, making integration of the ferroelectric phase into contemporary semiconductor 

technology attractive. 

HfO2 is at equilibrium in a centrosymmetric monoclinic phase (space group P21/c) under 

atmospheric temperature and pressure. At elevated temperatures, other polymorphs, including 

tetragonal (P42nmc) and cubic (Fm3̅m), are known to exist in the bulk. The ferroelectric response 

has been attributed to a metastable, non-centrosymmetric orthorhombic phase (Pca21) that does 

not appear on phase diagrams. Its existence has been associated with a combination of factors, 

including a low surface energy that increases its stability for small crystal sizes,90 presence of 

tensile biaxial stress,115 large electric fields,87 and oxygen vacancies. In particular, oxygen 

vacancies appear to be strongly correlated with the phase assemblage in HfO2-based films, 

stabilizing the tetragonal, orthorhombic, and monoclinic phases at high, intermediate, and low 

concentrations, respectively.117 

 Two standing challenges toward implementation of ferroelectric HfO2-based materials into 

the next generation of CMOS platforms are the inability to prepare phase-pure films consisting 

solely of the ferroelectric orthorhombic phase and the variation of polarization with field cycling. 

The polarization variation with field cycling behavior can be categorized as follows: wake-up, 

where the remanent polarization (Pr) has been observed to increase upon exposure of the capacitor 

structure to DC or AC electric fields, and fatigue, where Pr decreases with field cycling, often 

culminating in dielectric breakdown. For wake-up, the increase in polarization with field cycling 

has been attributed to four mechanisms: phase transformation, where the non-ferroelectric 

tetragonal and monoclinic phases convert to the orthorhombic ferroelectric phase, possibly via 

oxygen vacancy redistribution,164 domain depinning, whereby charged oxygen vacancies are 

redistributed away from pinning positions near domain nuclei,179 ferroelastic domain switching 

where the polar axis, which is initially aligned in the plane of the film, switches to be out of 

plane,176 and breakdown of an interfacial linear dielectric layer, which contributed to large 

depolarization fields in the as-prepared state.177 Evidence of phase transformation occurring during 

wake-up has previously been observed via scanning transmission electron microscopy (STEM) 

through comparison between the phase assemblage in capacitor structures with differing numbers 

of field cycles.154,171 It was observed that capacitors, before field cycling, had microstructures 

comprising a tetragonal phase at the electrode/dielectric interfaces with orthorhombic and 
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monoclinic phases in the bulk of the dielectric. After wake-up field cycling, the capacitors 

contained less of the tetragonal and monoclinic phases and increased fractions of the orthorhombic 

phase. While these observations were extremely localized, owing to the limited volume that can 

be investigated by STEM techniques, global electrical property measurements by many different 

research groups also support a phase transformation-related mechanism. For example, studies have 

revealed decreases in overall relative permittivity (εr),
154,158,235 decreased differences between 

saturation and remanent polarization values,130 and changes in impedance response,154 all of which 

support some degree of phase transformation. Domain depinning mechanisms, evidenced by 

decreasing pinching of polarization hysteresis loops upon field cycling due to reduced back-

switching from inhomogeneous distributions of charged defects, are supported by a range of global 

electrical181,235 and local electromechanical measurements.175,236 Synchrotron X-ray diffraction 

and STEM measurements on an epitaxial film revealed ferroelastic domain switching as being a 

contributor to wake-up during the initial application of an electric field.176 Depolarization fields 

associated with non-ferroelectric and non-conducting interfacial layers have also recently been 

applied to explain the pinching of polarization hysteresis response. A breakdown of this interfacial 

layer with field cycling and a concomitant decrease in depolarization fields may lead to increased 

polarization response.177 

 While both phase transformations and domain-related affects appear to contribute to wake-

up, results to date point toward fatigue being driven primarily by increased domain pinning. Prior 

STEM studies have revealed nearly identical orthorhombic phase content in both fatigued and 

woken-up devices,154 which supports domain pinning being a dominant factor in polarization 

reduction. However, it should be emphasized that STEM studies inherently measure only isolated 

regions and are subject to grain overlap and crystal orientation challenges in obtaining artifact-free 

images. Device-scale electrical measurements support domain pinning resulting from the presence 

of charged defects, such as oxygen vacancies, that trap charges injected at the electrode/dielectric 

interfaces. In addition, the fatigue process may also be accelerated by the generation of new oxygen 

vacancies, which can lead to further domain pinning.171,172  

As wake-up and fatigue appear to be related to the presence of oxygen non-stoichiometry, 

differing trends of polarization response with field cycling depending on the electrode material 

may be expected. Prior work investigating the role of ion transport between electrode layers and 

conventional Pb(Zr,Ti)O3 and BaTiO3 ferroelectrics, in which oxygen vacancies also play an 
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important role in polarization response,39 demonstrated differing fatigue properties depending on 

the chosen electrode material. For example, it was shown that oxide electrodes that allow for 

oxygen transport across the electrode/ferroelectric interface yield improved fatigue 

performance.237–239 Platinum electrodes devices, however, were observed to fatigue and this has 

been attributed to an interfacial oxygen vacancy buildup.38,237,239 Experimental work on electrode 

effects in HfO2 have revealed a few trends: 1) Metal nitride electrodes, such as TiN or TaN, which 

are reactive in contact with the oxide dielectrics,155 yield modest oxygen vacancy concentrations 

within HfO2-based films. Such electrode materials are most commonly utilized for ferroelectric 

HfO2 studies and devices constructed with these electrodes generally exhibit increases in Pr when 

cycled at fields of ~2.0 MV cm-1;117,149,158 2) Oxide electrodes, which may allow transport of 

oxygen across the electrode/dielectric interface, but have not been significantly studied, result in 

fatigue directly from the as-prepared (pristine) state, demonstrating immediate and substantial 

reductions in Pr with cycling at 2.0 MV cm-1;240 3) Devices with oxygen blocking contacts, such 

as platinum, have been shown to exhibit moderate wake-up or direct fatigue, depending on the 

magnitude and frequency of the applied wake-up field. To date, studies utilizing symmetric 

platinum electrodes have demonstrated wake-up only when cycling at large fields (e.g., 3.2 – 4.0 

MV cm-1),163,164 while lower fields of 2 MV cm-1 have been observed to cause fatigue immediately 

upon field cycling of devices with palladium electrodes.167 Studies with non-noble elemental 

contacts, such as nickel or tungsten, for which oxygen vacancy contributions are less well studied, 

also exhibit fatigue under cycling fields of 2 MV cm-1.129,167 While these prior data suggest trends 

exist for the impact of field magnitude on wake-up versus fatigue response, the origin of the field 

dependence on these effects is not yet fully understood. Regardless, it is evident that electrode 

chemistry impacts HfO2-based ferroelectric performance. 

 While global electrical property measurements and localized STEM observations support 

the occurrence of phase transformations during wake-up, to date there exists a lack of equivalent 

device-scale structural evidence in structures with unperturbed electrical and mechanical boundary 

conditions (i.e., capacitor structures not subject to sectioning into a TEM foil, which may alter the 

stress state and electron bombardment during imaging, potentially impacting oxygen 

stoichiometry241). Prior efforts to study phase assemblage in functioning capacitors in differing 

states of wake-up and fatigue have included lab-scale and synchrotron X-ray diffraction,117 but 

these results have been inconclusive regarding the degree of structural change due to field cycling. 
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In this study, synchrotron X-ray diffraction was utilized to examine the phases present in 20 nm 

thick ferroelectric hafnium zirconium oxide (HZO) capacitor structures, with a nominal 

composition of Hf0.58Zr0.42O2. Tantalum nitride, tungsten, and platinum electrodes, which are 

anticipated to present different HZO wake-up/fatigue responses, were incorporated into symmetric 

metal-insulator-metal (MIM) capacitor devices. Individual devices of each capacitor structure 

were subjected to electric field cycling at 2 MV cm-1 and 1 kHz with square wave profiles. The 

total number of cycles ranged from 0 (pristine) to 5×104. Following cycling, the individual devices 

were structurally investigated with synchrotron X-ray diffraction and electrically characterized. 

The results provide insights into the phase transformation mechanisms resulting in wake-up and 

fatigue behavior on the device scale. 

4.4 Experimental Procedures 

MIM device structures were fabricated utilizing the three different electrode materials and 

a nominal HZO composition of Hf0.58Zr0.42O2 at Sandia National Laboratories. 100 nm thick 

bottom electrodes of each metal were deposited onto 100 mm diameter silicon substrates using 

pulsed DC (30 kHz / 4µs reverse time) sputtering in a Denton Discovery 550 system with an argon 

background pressure. For the tungsten electrode sample, a chemical mechanical polishing (CMP) 

process followed deposition to reduce film surface roughness. Following bottom electrode 

deposition/preparation, 20 nm-thick Hf0.58Zr0.42O2 films were deposited via thermal atomic layer 

deposition using H2O as the oxidant on each substrate at a temperature of 150 °C within an 

Ultratech Savannah flow-through style reactor using the same precursors and conditions as 

reported previously.149 Following HZO deposition, continuous 20 nm thick top electrode layers 

were deposited onto the respective TaN and tungsten electrode samples. The platinum electrode 

sample received 100 nm thick 1 x 1 mm platinum contact pads patterned through a shadow mask. 

All samples were annealed at 600 °C for 30 seconds in N2 within a Surface Science Integration 

Solaris 150 rapid thermal annealer. After, 100 nm thick circular platinum contacts of diameters 

varying from 288 – 90 µm were prepared via lithography, sputtering, and liftoff onto the tungsten 

and TaN samples and isolated MIM structures were subsequently defined by reactive ion etching 

through the top electrode layers using the platinum contacts as a hard mask.  
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Following device preparation, intrinsic relative permittivity,242 polarization-field, positive 

up, negative down polarization switching, and capacitance-voltage measurements were performed 

on devices in their pristine state. For the TaN and tungsten samples, P(E) responses were measured 

with a period of 1 ms, with maximum fields progressing from 1 MV cm-1 to 2.5 MV cm-1. For the 

platinum sample, owing to the large electrode area, a hysteresis period of 100 ms was required. 

For PUND measurements, a 1000 ms delay and 1 ms pulse width were utilized with applied fields 

spanning 1 MV cm-1 and 2.5 MV cm-1 to measure remanent polarization (Pr) values. The intrinsic 

relative permittivities (i.e. the permittivity of the lattice, devoid of extrinsic domain wall and phase 

boundary motion contributions) were extracted from a Rayleigh formalism242 as the low AC-field 

intercept of the permittivity dependence on oscillator level at 10 kHz, measured between 5 and 

180 mV (RMS), while permittivities at 2.5 MV cm-1 were extracted from 10 kHz capacitance-

voltage measurements with a 50 mV oscillator. P(E) and PUND measurements were performed 

utilizing a Radiant Precision Multiferroic II Tester and dielectric measurements utilizing a 

Keysight E4980A LCR Meter. Following initial characterization, individual devices were cycled 

ahead of structural characterization. Separate contacts on each of the samples were subject to 

square waves at 1 kHz and 2.0 MV cm-1 for 1×103, 5×103, 2×104, and 5×104 cycles, or until 

dielectric breakdown occurred. Following cycling, electrical measurements, as described above, 

were carried out on each contact. 

 Synchrotron X-ray diffraction measurements were performed at the 6-ID-B beamline at the 

Advanced Photon Source at Argonne National Laboratory. An X-ray wavelength of 1.3776 Å and 

a 100k Platus area detector were utilized to collect diffracted intensity between 24° - 29° in 2θ. 

The beam energy was held at 8.9 keV to avoid possible fluorescence related emission. The samples 

were oriented 13.5° toward the incident beam from normal. Incident slits were adjusted such that 

the X-ray beam formed a 200 µm x 200 µm footprint on the TaN and tungsten electrodes, and a 

700 µm x 700 µm footprint on the platinum electrodes. Diffraction patterns on each pre-cycled 

pad were collected with a step size of 0.025° and an integration time of 10 seconds/step. LIPRAS214 

fitting software and Pearson VII peak shapes were utilized to perform all diffraction pattern fits. 

The backgrounds of TaN and platinum diffraction patterns were fit utilizing 3rd-degree 

polynomials, while for tungsten a linear fit was utilized. 
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4.5 Results and Discussion 

Figure 4.1 shows the polarization response, remanent polarization, and intrinsic relative 

permittivity of the pristine devices. Devices with tungsten electrodes possessed the largest Pr of 

12.0 ± 0.2 µC cm-2, followed by those with platinum (9.8 ± 0.6 µC cm-2) and TaN 

(8.6 ± 0.2 µC cm-2) electrodes. Polarization-field (P(E)) responses of the pristine devices revealed 

saturated hysteresis behavior, indicative of low electrical leakage in each case. The intrinsic 

relative permittivities of each sample, extracted from Rayleigh measurements, shown in Figure 

4.2, were 30.7, 28.4, and 23.0 for tungsten, platinum, and TaN, respectively. 

 

 

Figure 4.1. P(E) response measured on symmetric MIM devices with (a) platinum (Pt), (b) TaN, 

and (c) tungsten (W) electrodes. (d) shows measured Pr and intrinsic εr for each structure in the 

pristine condition. 

 



89 

 

 

Figure 4.2. Rayleigh measurements at 10 kHz on symmetric MIM devices with (a) Pt, (b) TaN, 

and (c) W electrodes as a function of oscillator voltage. 

 

Representative synchrotron X-ray diffraction patterns for the three capacitors in the pristine 

condition are shown in Figure 4.3 along with fits used to calculate relative volume fractions of 

each phase. Background shape differences are due to reflections of the different electrode 

materials. For all diffraction measurements performed, peaks at 25.3° and 28.1° in 2θ were indexed 

as the (1̅11) and (111) monoclinic reflections, respectively, and the peak at 27° as the superimposed 

(101) tetragonal and (111) orthorhombic reflections. The observed diffraction angles are lower 

than those generally reported for these reflections in HfO2 due to the utilization of an X-ray 

wavelength of 1.3776 Å, which is shorter than the Cu Kα wavelength (1.5406 Å) typically 

employed in lab-based diffractometers. It should be noted that it is historically difficult to separate 

the tetragonal and orthorhombic phases via diffraction methods owing to the similar d-spacings of 

the phases and peak broadening associated with small crystallite sizes. For the remainder of this 

study, these reflections will be referred to as the tetragonal + orthorhombic (t + o) peak. As is 

evident from this diffraction data, all films comprise mixed phases with the capacitors prepared 

with TaN electrodes qualitatively having the most intense t + o peak relative to the monoclinic (m) 

peaks. It was also observed that the measured d-spacing of the t + o peak from the device with 

platinum electrodes was slightly larger than that of TaN and tungsten devices: 2.9558 ± 0.00041 Å, 
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compared to 2.9453 ± 0.0004 Å and 2.9427 ± 0.0004 Å, respectively, and that the monoclinic 

phase d-spacings were nearly identical for all samples. The origin of the d-spacing differences is 

unknown at this time, but may be due to differing t + o phase fractions or differing strain states. 

 

 

Figure 4.3. X-ray diffraction patterns measured on each MIM device structure, TaN (top), Pt 

(middle), and W (bottom) with fits (solid lines) to each of the peaks shown. An X-ray wavelength 

of 1.3776 Å was utilized for diffraction measurements. 

 

Figure 4.4 shows the changes in the Pr of devices of each electrode stack over the course 

of field cycling, as calculated from positive up, negative down (PUND) measurements. The field 

cycling behaviors were observed to depend strongly on electrode material. For the platinum 

devices, Pr was observed to decrease by 27% through 5×104 cycles, while the Pr values of the TaN 

and tungsten devices increased. Focusing first on the platinum devices, diffraction patterns and fits 

for each cycling interval are shown in Figure 4.5(a) along with their respective P(E) responses. 

Qualitatively, the t + o peak decreases in intensity and the monoclinic peaks increase as the 

hysteresis response shows increasing evidence of leakage currents. The quantified peak intensities 

are shown in Figure 4.4(b) as the ratio of the integrated peak intensity of the t + o peak to the 

integrated intensity sum of all three peaks, which provides a relative t + o intensity ratio and will 

be denoted as the relative t + o phase fraction throughout this study. Normalized intensity changes 
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of each peak after the cycling intervals are shown in Figure 4.6. The value of the intensity ratio 

decreased with field cycling from 0.48 ± 0.03 in the uncycled electrode to 0.32 ± 0.07 for the 

electrode exposed to 5×104 cycles – a relative change of 33%. This device-scale diffraction data 

indicates that the tetragonal/orthorhombic phases have converted to the monoclinic phase. While 

the diffraction data is a clear indication that the Pr reduction is related to a phase transformation, 

additional evidence of this mechanism is provided in the evolution of the relative permittivity 

shown in Figure 4.4(c). The relative permittivity of the platinum electrode devices was observed 

to decrease from 28.4 to 22.6 from the pristine condition to 5×104 cycles. Considering that the 

orthorhombic and tetragonal phases are reported to have εr values between 27 and 70 and the 

monoclinic phase between 16 and 20,154 this decrease in permittivity further supports the 

transformation in phase observed in diffraction measurements. Combined, evaluation of the peak 

intensities of the t + o and monoclinic phases and the relative permittivity of the platinum electrode 

devices suggests that phase transformation from tetragonal/orthorhombic to monoclinic is the 

primary factor leading to polarization fatigue in symmetric platinum MIM devices cycled at 

2.0 MV cm-1 and 1 kHz. 
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Figure 4.4. (a) Relative Pr, (b) relative t + o phase fraction, (c) relative permittivity, and (d) FWHM 

of the tetragonal/orthorhombic peak as a function of the number of 2.0 MV cm-1, 1 kHz square 

wave cycles for symmetric MIM structures with Pt (grey triangles), TaN (blue squares), and W 

(orange circles) electrodes. 

 

 Field cycling of the TaN and tungsten samples with 2×104 and 5×104 cycles revealed 

increases in relative Pr of 10.3% and 11.5%, respectively, as shown in Figure 4.4(a). The TaN 

sample was limited to 2×104 cycles due to the onset of dielectric breakdown, while the tungsten 

(and platinum) samples broke down following 5×104 square waves, which prevented further 

analysis. The diffraction patterns and corresponding P(E) responses associated with the TaN and 

tungsten devices are shown in Figure 4.5(b) and (c), respectively. No clear correlation between Pr 

and relative t + o phase fraction exists for either device, as shown in Figure 4.4(a) and (b), 

respectively. For these devices, the relative t + o phase fraction values remained constant, within 

error. Considering the clear evidence for a phase transformation leading to Pr reduction in the 

platinum devices, this lack of substantial correlation suggests that the wake-up process for the TaN 
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and tungsten electrode devices is not strongly driven by a phase transformation between the 

monoclinic and tetragonal/orthorhombic phases. 

 

 

Figure 4.5. Diffraction patterns measured on each cycling interval pad for symmetric MIM devices 

with (a) Pt, (b) TaN, and (c) W electrodes. The number of 2.0 MV cm-1, 1 kHz square wave cycles 

is indicated to the left of each pattern. The corresponding 2.5 MV cm-1, 100 ms (Pt) or 1 ms (TaN, 

W) P(E) response is plotted to the right of each pattern. An X-ray wavelength of 1.3776 Å was 

utilized for diffraction measurements. The magnitudes for the inset polarization and electric field 

axes are ± 25 µC cm-2 and ± 3.0 MV cm-1, respectively. 
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Figure 4.6. Normalized integrated intensities for the (1̅11) monoclinic, (111) monoclinic, and (101) 

tetragonal/(111) orthorhombic diffraction peaks measured on devices with platinum electrodes 

cycled at various intervals of 2.0 MV cm-1, 1 kHz square waves. 

 

 The most significant diffraction-related change observed during the field cycling for both 

the TaN and tungsten samples was a decrease in the full-width at half maximum (FWHM) of the 

t + o superimposed peak, which is shown in Figure 4.4(d). In both device stacks, the relative Pr 

increased through field cycling while the FWHM of the t + o superimposed peak was observed to 

decrease from 0.425 ± 0.015° to 0.406 ± 0.012° for TaN, and from 0.413 ± 0.010° to 

0.408 ± 0.012° for tungsten. It is important to note that these changes are within error for both 

datasets. However, the identical FWHM decrease and relative Pr increase trends with field cycling 

for both samples are suggestive that a phase transformation has occurred between the tetragonal 

and orthorhombic phases. Importantly, as homogeneous strain has been observed in polycrystalline 

ferroelectric HfO2-based films previously,125 this FWHM reduction is likely not related to strain 

evolution due to ferroelastic switching.176 Additionally, the FWHM of the t + o superimposed peak 

in the platinum electrode devices, which were not observed to wake up, also decreased from 

0.502 ± 0.013° to 0.449 ± 0.024° with field cycling (Figure 4.4(d)). This suggests that a tetragonal 

to orthorhombic phase transformation is also occurring for the platinum electrode devices and is 

concomitant with the tetragonal/orthorhombic transformation to monoclinic phase in the fatigue 

process.  
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 To better understand the origin of the t + o peak FWHM decrease upon field cycling for 

the TaN and tungsten electrode devices the change in εr (Figure 4.4(c)) was considered. Comparing 

the intrinsic relative permittivities through wake-up revealed a slight reduction for tungsten 

devices with values of 30.7 for pristine devices and 30.1 after 5×104 cycles (Figure 4.4(c)). This 

decrease may indicate some transformation of a high permittivity non-ferroelectric tetragonal 

phase to a lower permittivity ferroelectric orthorhombic phase has occurred. No significant 

changes were observed for the TaN devices and it should be noted that the εr values were 

substantially lower than those for tungsten devices despite having higher relative t + o phase 

fractions. It is known that reaction layers can form at metal nitride/hafnia interfaces154,235 and it is 

hypothesized that such layers formed in this study and have contributed to reducing the overall 

device permittivity and measured polarization. The addition of interfacial capacitive layers in 

series with the HZO dielectric might also affect the observed coercive field, which is larger for 

TaN devices compared to tungsten devices (Figure 4.1(b) and (c)). These interlayers may also 

mask permittivity reductions that result due to phase transformations from the tetragonal to 

orthorhombic phase; however, they do not seem to affect the wake-up process as the relative 

increase in Pr is nearly the same for both tungsten and TaN devices. 
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Figure 4.7. Dielectric displacement dependence measured at each square wave interval for MIM 

devices with TaN (blue) and W (orange) electrodes (a, c, respectively), and corresponding P(E) 

response with linear dielectric displacement subtracted (b, d, respectively). (e) Corresponding 

variable polarizations (Pv) for each square wave interval for devices constructed with TaN (blue) 

and W (orange) electrodes. 

 

As an alternative means of assessing possible tetragonal to orthorhombic phase 

transformation contributions to wake-up, the change in variable polarization response, Pv, with 

field cycling, was calculated following the approach of Park, et al.,130 as shown in Figure 4.7(a-e). 

In this method, the linear dielectric contribution to polarization was separated from the total 

dielectric displacement to isolate the polarization contribution from ferroelectric dipoles. This was 

performed by subtracting Eεrε0 from the measured total dielectric displacement response, where E 
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is the applied electric field, εr is the relative permittivity (measured at 2.5 MV cm-1, Figure 4.8), 

and ε0 is the permittivity of free space. Pv is equal to the difference between the isolated 

ferroelectric dipole polarization under an applied field of 2.5 MV cm-1 and Pr (i.e. the difference 

between the maximum and remanent polarization values after subtracting the linear dielectric 

contribution). The total dielectric displacement and isolated polarization responses are shown in 

Figure 4.7(a, c) and (b, d), respectively, for the TaN and tungsten electrode devices. The Pv value 

as a function of wake-up cycling is shown in Figure 4.7(e). This value was found to decrease 

during field cycling of the device with tungsten electrodes from 2.58 to 1.02 µC cm-2 through 

5×104 cycles, and from 0.69 to 0 µC cm-2 for the device with TaN electrodes through 2×104 cycles. 

A positive Pv value has been attributed to the presence of field-induced ferroelectric contributions 

to the maximum observed polarization, and its decrease with an irreversible phase transformation 

between the ferroelectric orthorhombic and antiferroelectric tetragonal phases.130 To examine 

potential changes in switching behavior due to cycling, switching current measurements, provided 

in Figure 4.9(a) and (b) for TaN and tungsten electrode devices, respectively, were derived from 

corresponding polarization responses shown in Figure 4.7(a) and (c). For the TaN sample, two 

switching current peaks were observed to merge between the pristine and 1000 cycle state, which 

could be an indication of charged defect de-trapping and subsequent domain de-pinning affecting 

the switching behavior,174,236 a thin dielectric interface layer leading to strong depolarization fields 

that degrades with field cycling,177 or that the devices have different relative contents of field-

induced ferroelectric tetragonal and ferroelectric orthorhombic phases.117 Following this initial 

merge, a single peak is observed to sharpen with continuing field cycling, similar to behavior 

observed in the tungsten devices in which a single switching current peak was observed throughout 

the wake-up process. Examining the increasing maximum polarizations (Figure 4.7(a) and (c)) and 

the slope of the P(E) response at the coercive field (Figure 4.9(c) and (d)) for both TaN and 

tungsten devices, the change in P(E) response is consistent with the reduction in thickness of a 

non-ferroelectric interlayer with field cycling, as described by Tagantsev et al.243 Thus, the 

decrease in Pv and change in P(E) characteristics, specifically the increase in remanent and 

maximum polarizations and slope of the polarization response with field at the coercive field with 

cycling in both devices, supports that a tetragonal to orthorhombic phase transformation has 

occurred. Domain depinning is almost certainly occurring and contributing, in-part, to the wake-

up process, particularly for the TaN devices. Degradation of an insulating TaOxNy layer may also 
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be occurring, as has been suggested to occur for linear dielectric interfacial layers.177 These effects 

could be present for the wake-up in the first 1000 cycles, but the data provided here suggests that 

the phase transformation from non-ferroelectric tetragonal to ferroelectric orthorhombic is also a 

major contributor, especially since the wake-up behavior of the tungsten and TaN devices are so 

similar after the first 1000 cycles and the tungsten electrodes are not anticipated to form an 

insulating interfacial reaction layer as discussed later. 

 

 

Figure 4.8. Relative permittivity versus electric field measurements on symmetric MIM devices 

with (a) TaN and (b) W electrodes cycled with 2.0 MV/cm, 1 kHz square waves at various 

intervals. 

 

Such a phase transformation may be anticipated to result in changes in X-ray scattering 

peaks as well. Since the d-spacings of the (101) tetragonal and (111) orthorhombic phases are 

similar, but not identical, the transformation of one phase to another will affect the intensity of the 

portion of the composite reflection attributed to that phase. Due to the ferroelectric character of 

the polarization-electric field response, as shown in Figure 4.7(a-d), the orthorhombic phase is 

expected to dominate the initial peak width. Therefore, if the tetragonal phase is converting to the 

orthorhombic phase, the peak will narrow as a greater portion of the diffracting volume is of the 

d-spacing of the orthorhombic phase and the relative thickness of the orthorhombic phase increases 
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as the thickness of the tetragonal phase at the electrode interfaces decreases. Further, one may 

expect the center of the peak, and thus extracted d-spacings, to shift if phase transformation has 

occurred. Figure 4.10 details the changes in interplanar spacing of the t + o reflection resultant 

from cycling for all three device stacks. For the tungsten device, 5×104 electrical cycles resulted 

in a t + o d-spacing increase from 2.9426 ± 0.0003 Å to 2.9433 ± 0.0004 Å, while for the TaN 

device, an increase from 2.9461 ± 0.0005 Å to 2.9464 ± 0.0005 Å through 2×104 electrical cycles 

was observed. The magnitudes of these d-spacing shifts are smaller than those observed for the 

platinum device, which increased from 2.9464 ± 0.0004 Å to 2.9588 ± 0.0007 Å over the course 

of 5×104 cycles. While the magnitudes of the peak shifts are small, the increase in d-spacing is 

consistent with a transformation from the tetragonal to the orthorhombic phases, as previously 

observed in high temperature diffraction experiments.140 It should be noted, however, that changes 

in strain state due to ferroelastic domain switching cannot be completely discounted to affect peak 

position, but are unlikely to affect peak width because of degeneracy of the orthorhombic (111) 

reflection, an expected homogeneous strain condition,125 and diffracting volume conservation. 

Thus, the electrical data, which supports a transformation from the tetragonal to the orthorhombic 

phases in both tungsten and TaN electrode devices suggests that the t + o peak FWHM narrowing 

and the shift to lower angles is diffraction-based evidence of phase transformation occurring 

concurrent with wake-up of ferroelectric hafnium oxide films. 
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Figure 4.9. Switching current responses (a, b) derived from P(E) response shown in Figure 

4.7(a, c). Associated average P(E) slope at the coercive field (c, d) measured on devices with TaN 

(blue) and W (orange) electrodes for Pv analysis in Figure 4.7(a-e). 
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Figure 4.10. Interplanar spacings of the (101) tetragonal/(111) orthorhombic, (1̅11) monoclinic, 

and (111) monoclinic planes from symmetric MIM devices with (a) Pt, (b) TaN, and (c) W 

electrodes cycled at various intervals with 2.0 MV/cm, 1 kHz square waves. 

 

 

 It is evident from the results of this study that the electrode material chemistry impacts the 

propensity for the HZO film to wake-up or fatigue. Use of noble metal contacts, which are 

anticipated to be blocking to oxygen ions239 led to direct fatigue and phase transformation of 

ferroelectric orthorhombic phases to non-ferroelectric monoclinic. Nitride electrodes, however, 

are susceptible to oxygen incorporation and may act as a sink for both oxygen and oxygen 

vacancies.184 As such, a difference in wake-up versus fatigue behavior between these different 



102 

 

electrode classes may be expected. Furthermore, while the chemistry of the interfaces of tungsten 

electrodes and the dielectric is unknown, it may be anticipated that oxidation of the tungsten in the 

immediate vicinity of the interface is possible, given the relatively low free energy of tungsten 

oxide, particularly compared to platinum. As many tungsten oxide phases and sub-stoichiometric 

tungsten oxides may be expected to be semiconducting or conducting,244 its presence may not lead 

to an obvious electrical signature. It could however, serve as a sink or source for oxygen vacancies 

similar to the TaN electrodes, which would explain why its wake-up behavior was more similar to 

TaN devices than platinum devices. While we are unable to assess the exact reason why devices 

with platinum electrodes fatigued via a phase conversion to the monoclinic phase and the TaN and 

tungsten devices displayed primarily tetragonal to orthorhombic phase conversion, the different 

electrode materials and their interfacial electrode chemistries are likely dominant factors. For 

example, for the platinum electrode devices it may be anticipated that vacancies already present in 

the HZO film primarily redistribute within the HZO layer with field cycling while those present in 

the TaN and tungsten electrode devices may redistribute and exchange with the interfacial phases 

changing their total concentration, as previously suggested by Starschich, et al.165 Given that 

oxygen vacancy concentration is linked to phase stability in the HfO2 system, it is not surprising 

that these different electrode chemistries impact phase evolution with field cycling. Regardless of 

the exact mechanisms, the data presented in the present work provides evidence that for the same 

electric field cycling conditions, phase transformation mechanisms lead to either fatigue or wake-

up behavior and the electrode used dictates the response. Given that prior research has observed 

wake-up behavior with platinum electrodes while using larger electric fields than those used in 

this study,165 additional research will be needed to understand the impact of electric field 

magnitudes and electrode chemistry on the phase transformations driving wake-up and fatigue. 

4.6 Conclusions 

 The field cycling behavior of MIM capacitor devices comprising 20 nm thick ferroelectric 

Hf0.58Zr0.42O2 films between symmetric TaN, tungsten, and platinum electrode layers has been 

evaluated electrically and structurally. The following observations were made: 1) For the platinum 

devices, which exhibited ferroelectric fatigue, a decrease in the relative t + o phase fraction was 

correlated with a decrease in both Pr and εr during electric field cycling, indicating that the physical 
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mechanism responsible for the polarization fatigue is a phase transformation from the 

tetragonal/orthorhombic to the monoclinic phases. 2) Diffraction measurements of the TaN and 

tungsten devices, which both demonstrated increasing Pr with field cycling, did not exhibit a 

strongly correlated change in the relative t + o phase fraction. This lack of change indicates that 

phase transformation from the monoclinic to the tetragonal/orthorhombic phases is not the physical 

mechanism responsible for the observed polarization wake-up in these structures. The FWHM of 

the tetragonal/orthorhombic superimposed diffraction peak, however, was observed to decrease 

for both samples. A decrease in the variable polarization response and change in P(E) 

characteristics with wake-up, coupled with the FWHM reduction and shift of the peak to larger d-

spacings suggests that a phase transformation from the tetragonal to the orthorhombic phases is 

occurring during wake-up, as has been observed through STEM measurement of HfO2 

ferroelectrics.154 3) Non-destructive synchrotron X-ray diffraction measurements, concurrent with 

electrical characterization, have sufficient sensitivity to study the phase transformation 

mechanisms impacting performance of ferroelectric hafnium oxide films at the device scale. This 

new insight is vital for identifying and enabling solutions to polarization instabilities in 

ferroelectric hafnium oxide films. 
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The body of text of this chapter has been adapted to include the supplemental information and 

figures, where appropriate. 

5.1 Motivation 

 As subsequent investigations seek to examine the effects of stress on the ferroelectric 

properties of HZO MIM devices, it is necessary to first experimentally quantify the elastic modulus 

of HZO. In this chapter, HZO devices with compositions between pure HfO2 and ZrO2 are 

characterized using an optical picosecond acoustic technique, which is employed to quantify the 

speed of sound through the films. Using this data, the elastic moduli are calculated, which are then 

employed to quantify the amount of biaxial stress present in the films. These elastic moduli values 

are further harnessed in subsequent investigations throughout this dissertation. 
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5.2 Abstract 

The elastic moduli of amorphous and crystalline atomic layer-deposited Hf1-xZrxO2 (HZO, x = 0, 

0.31, 0.46, 0.79, 1) films prepared with TaN electrodes on silicon substrates were investigated 

using picosecond acoustic measurements. The moduli of the amorphous films were observed to 

increase between 161 ± 4 GPa for pure HfO2 and 231 ± 7 GPa for pure ZrO2. In the crystalline 

films it was found that the moduli increased with increasing zirconium composition from 

190 ± 5 GPa for monoclinic HfO2, to 204 ± 7 GPa for tetragonal ZrO2. Positive deviations from 

this increase were observed for the Hf0.69Zr0.31O2 and Hf0.54Zr0.46O2 compositions, which were 

measured to have moduli of 202 ± 6 GPa and 209 ± 6 GPa, respectively. These two compositions 

contained the largest fractions of the ferroelectric orthorhombic phase, as assessed from 

polarization and diffraction data. The biaxial stress states of the crystalline films were 

characterized through sin2(ψ) X-ray diffraction analysis. The in-plane stresses were all found to be 

tensile and observed to increase with increasing zirconium composition, between 1.94 ± 0.5 GPa 

for pure HfO2 and 3.98 ± 0.4 GPa for pure ZrO2. The stresses are consistent with large thermal 

expansion mismatches between the HZO films and silicon substrates. These results demonstrate a 

device-scale means to quantify biaxial stress for investigations on its effect on the ferroelectric 

properties of hafnia-based materials. 

5.3 Introduction 

 Since the first reporting of ferroelectric responses nearly a decade ago,1 HfO2-based thin 

films have witnessed research and development for applications including ferroelectric random 

access memory,2,229,232,245 energy harvesting,221,246 and negative differential capacitance field 

effect transistors.230,247 The ferroelectric response has been attributed to a non-centrosymmetric 

orthorhombic phase (space group Pca21), which is energetically metastable between the room-

temperature, linear dielectric monoclinic (P21/c) and high-temperature field-induced-ferroelectric 

tetragonal (P42nmc) phases.87,114 The stability of this orthorhombic phase has been attributed to 

small crystallite sizes,90 inclusion of specific dopants,113,248 and the presence of biaxial stress,115,151 

among others. HfO2-based ferroelectrics are typically grown to thicknesses of 5 – 20 nm, which 

limits the grain size via thickness truncation, and doped to enhance orthorhombic phase stability. 
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ZrO2 alloying has been observed to stabilize the orthorhombic phase through a broad composition 

window (x ≈ 0.1 – 0.8)3,130 and result in a reduced thermal budget compared to many other 

ferroelectric HfO2 compositions.142,249 In spite of the many mechanisms to increase orthorhombic 

phase stability, Hf1-xZrxO2 (HZO) thin films often exhibit mixtures of the orthorhombic, tetragonal, 

and monoclinic phases, with Hf-rich and Zr-rich compositions resulting in monoclinic-rich and 

tetragonal-rich phase constitutions, respectively.3,130,149,195 

 Biaxial stress impacts both the phase stability and the domain structure. Computational 

works have suggested that compressive biaxial stresses facilitate stabilization of the orthorhombic 

phase compared to the equilibrium monoclinic.87 Experimental studies, alternatively, have 

observed enhanced polarization responses under conditions that yield biaxial tensile stress,115,116 

or favorable texture,125 both of which alter the domain structure to maximize the degree to which 

the short polar axis is oriented normal to the film surface. Such experimental works examining 

stress effects in HfO2-based ferroelectrics rely on combinations of experimental and 

computationally predicted bulk elastic constants for the monoclinic, tetragonal, and orthorhombic 

phases for analysis. Measurement of these values in planar, mixed phase thin films is important 

because utilization of bulk, phase-pure elastic constants may discount effects of microstructural 

features such as the high density of grain boundaries and presence of interface segregated 

phases,130,154 both of which may affect the elastic properties. Thus, the direct measurement of 

elastic constants in relevant phases and phase mixtures present in HZO thin films provides 

necessary information for investigations of stress effects on phase stabilization, domain structure, 

and ferroelectric performance. Additionally, knowledge of the elastic behavior of these 

ferroelectric materials is critical for emergent piezoMEMS applications, such as resonator device 

structures.250,251 

 In this study, the elastic moduli (E) of amorphous and crystalline 20 nm-thick Hf1-xZrxO2 

(0 ≤ x ≤ 1) thin films prepared with TaN electrodes on silicon substrates are directly investigated 

using picosecond acoustic measurements. The crystallized films comprise pure monoclinic HfO2, 

pure tetragonal ZrO2, and phase mixtures in the alloy compositions, which include the ferroelectric 

orthorhombic phase. The experimental elastic moduli from these measurements are utilized to 

quantify the stress states of the crystalline 20 nm-thick HZO films through sin2(ψ) X-ray 

diffraction analyses. 
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5.4 Experimental Procedures 

 Metal-Insulator-Metal (MIM) devices comprising Hf1-xZrxO2, with x = 0, 0.31, 0.46, 0.79, 

and 1, between TaN top and bottom electrodes were prepared. 100 nm-thick TaN bottom electrodes 

were deposited via DC sputtering from a TaN target onto (001)-oriented silicon substrates under 

an argon background pressure of 5 mTorr at a power density of 3.3 W cm-2 with a 45 degree off-

axis geometry. 20 nm-thick Hf1-xZrxO2 films were deposited via plasma-enhanced atomic layer 

deposition (PEALD) at a substrate temperature of 260 °C using 

tetrakis(ethylmethylamido)hafnium (TEMA Hf) and tetrakis(ethylmethylamido)zirconium 

(TEMA Zr) as hafnium and zirconium precursors, respectively, and an oxygen plasma as the 

oxidant within an Oxford FlexAL II instrument. The ratio of Hf:Zr cycles within each 10-cycle 

super cycle was altered to control the film composition. The growth rates were determined to be 

1.05 Å/cycle and 1.15 Å/cycle for HfO2 and ZrO2, respectively. Film compositions were 

determined via X-ray Photoelectron Spectroscopy measurements of fully processed devices. For 

these measurements, spectra were collected with a 200 µm diameter spot size using Al Kα radiation 

with an incidence angle of 45°, a 15 kV accelerating voltage, and an anode power of 50 W. Hf 4f 

and Zr 3d peak intensities were fit using KolXPD XPS analysis software. Following HZO 

deposition, films meant for crystallization received planar, sputtered 20 nm-thick TaN top 

electrodes and the samples were annealed at 600 °C for 30 seconds under N2 at atmospheric 

pressure. Following annealing, samples on which electrical analyses were to be performed 

received 50 nm-thick circular Pd contacts through a shadow mask with diameters spanning 100 – 

500 µm via DC sputtering utilizing the same conditions as for the electrodes. Samples were 

subsequently exposed to an SC-1 etch solution (5:1:1 H2O:30% H2O2 in H2O:30% NH4OH in 

H2O) at 60 °C for 25 minutes to remove the exposed TaN and define devices for electrical analyses 

using the Pd contacts as a hard mask. Polarization versus electric field hysteresis (P(E), 10 ms test 

period), current-voltage, and positive up negative down (PUND, 1 ms pulse and 1000 ms delay) 

measurements were made between 1.0 – 2.5 MV cm-1 using a Radiant Technologies Precision LC 

II Tester. Capacitance-voltage (CV) measurements were made using a Keysight E4980A LCR 

meter at 10 kHz with a 50 mV oscillator amplitude. The phase constitution and thickness/density 

of each of the films were examined using grazing incidence X-ray diffraction (GIXRD) and X-ray 

reflectivity (XRR), respectively, on samples processed without Pd contacts using a Rigaku 
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SmartLab diffractometer with Cu Kα radiation in a parallel beam configuration. GIXRD was 

performed with ω fixed at 0.7° and XRR patterns were fit with GSAS-II software.252 80 nm of 

aluminum was e-beam evaporated onto each film, which had been measured with GIXRD and 

XRR to serve as a transducer for picosecond acoustic measurements. The resulting acoustic 

signatures were fit using LIPRAS line-profile analysis software.214 2D diffraction patterns were 

collected on crystallized samples using a Bruker APEXII Duo diffractometer equipped with an 

Incoatec IµS Cu Kα microfocus source and an APEXII CCD area detector with ω fixed at 18°. 

MgO powder was placed on film surfaces for use as a stress-free standard and for sample 

displacement alignment. Area detector patterns were unwarped using the pyFAI azmithual 

integration package.212 Sin2(ψ) analyses were carried out on the crystallized films using intensity 

profiles extracted at ψ angles between 0° and 45° relative to the film surface normal to calculate 

the stress state of each film using the elastic moduli determined from picosecond acoustic 

measurements. 

5.5 Results and Discussion 

 Figure 5.1(a) shows the P(E) response measured on each HZO film. Responses were 

observed to be linear for HfO2 and ZrO2, hysteretic for Hf0.69Zr0.31O2 and Hf0.54Zr0.46O2, and 

pinched hysteretic for Hf0.21Zr0.79O2. The largest polarization was observed for the Hf0.54Zr0.46O2 

film. The pure ZrO2 film required electric fields in excess of 2.5 MV cm-1 to exhibit the typical 

field-induced ferroelectric response. The remanent polarizations (Pr, from PUND measurements 

at 2.5 MV cm-1) for each composition within the series are shown in Figure 5.1(b) and confirm the 

composition dependence of polarization observed in the P(E) data. These responses are consistent 

with prior reports on the compositional dependence of polarization response in HZO and suggest 

non-trivial orthorhombic phase fractions in the Hf0.69Zr0.31O2 and Hf0.54Zr0.46O2 films.3,130,149 

Switching current measurements corresponding to these devices are shown in the Figure 5.2. 
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Figure 5.1. (a) P(E) measurements of HfO2 (grey), Hf0.69Zr0.31O2 (blue), Hf0.54Zr0.46O2 (orange), 

Hf0.21Zr0.79O2 (purple), and ZrO2 (green) films. (b) Pr extracted from PUND measurements. 

 

 

Figure 5.2. Current loops measured on HfO2 (grey), Hf0.69Zr0.31O2 (blue), Hf0.54Zr0.46O2 (orange), 

Hf0.21Zr0.79O2 (purple), and ZrO2 (green) films. 
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 Figure 5.3 shows GIXRD patterns corresponding to each crystallized film, indicating the 

phases present at each composition. The diffraction pattern measured on the pure HfO2 film 

contained two peaks at 28.6° and 31.9° in 2θ, which were indexed as the (1̅11) and (111) 

monoclinic (m) reflections, respectively. Diffraction patterns measured on the Hf0.69Zr0.31O2 and 

Hf0.54Zr0.46O2 films contained an additional peak at 30.7° in 2θ, which was indexed as the 

superimposed (101) tetragonal/(111) orthorhombic (t + o) reflections, and observed to increase in 

intensity with increasing ZrO2 concentration. The diffraction patterns measured on the 

Hf0.21Zr0.79O2 and pure ZrO2 films contained only t + o peaks. The t + o peak position increased in 

diffraction angle in the ZrO2 pattern, which is consistent with previous observations of the 

diffraction behavior in composition-varied HZO thin films and has been attributed to the tetragonal 

phase.142 GIXRD patterns for the un-annealed films lacked distinct Bragg reflections and are 

shown in Figure 5.4. Combined, the GIXRD patterns and electrical measurements suggest that the 

Hf0.54Zr0.46O2 film contained the largest orthorhombic phase content: it exhibited the highest 

measured Pr and an intense, low angle t + o diffraction peak. The Hf0.69Zr0.31O2 film, which had 

the second highest Pr and diffraction peaks corresponding to all three phases, likely had the second 

largest orthorhombic phase content. The Hf0.21Zr0.79O2 film had a higher content of the tetragonal 

phase, as evidenced by the pinched hysteresis response, low Pr, and single t + o diffraction peak. 

The pure HfO2 and ZrO2 films had diffraction patterns and electrical responses consistent with 

pure monoclinic and tetragonal phases, respectively. The high field permittivities (2.5 MV cm-1), 

extracted from CV measurements, shown in Figure 5.5, further support a transition from a low 

permittivity monoclinic phase to higher permittivity orthorhombic and tetragonal phases as the 

film composition is varied from pure HfO2 to pure ZrO2. 
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Figure 5.3. GIXRD patterns measured on HfO2 (grey), Hf0.69Zr0.31O2 (blue), Hf0.54Zr0.46O2 

(orange), Hf0.21Zr0.79O2 (purple), and ZrO2 (green) films. 

 

Figure 5.4. GIXRD patterns measured on amorphous HfO2 (grey), Hf0.69Zr0.31O2 (blue), 

Hf0.54Zr0.46O2 (orange), Hf0.21Zr0.79O2 (purple), and ZrO2 (green) films. 
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Figure 5.5. Relative permittivity (lines, left axis) and loss tangent (open points, right axis) 

measured on (a) HfO2, (b) Hf0.69Zr0.31O2, (c) Hf0.54Zr0.46O2, (d) Hf0.21Zr0.79O2, and (e) ZrO2 films. 

 XRR measurements of each sample were used to quantify film densities and obtain 

thickness values. The measurements and associated fits can be found in Figure 5.6 and Figure 5.7 

for the crystallized and amorphous sample series, respectively. The densities of the crystallized 

and amorphous films were observed to decrease approximately linearly as the composition 

changed from pure HfO2 to pure ZrO2, as provided in Table 5.1 and shown in Figure 5.8 along 

with the film thicknesses. 
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Figure 5.6. XRR patterns (blue line) and associated fits (orange line) corresponding to crystalline 

(a) HfO2, (b) Hf0.69Zr0.31O2, (c) Hf0.54Zr0.46O2, (d) Hf0.21Zr0.79O2, and (e) ZrO2 samples. 

 

Figure 5.7. XRR patterns (blue line) and associated fits (orange line) corresponding to amorphous 

(a) HfO2, (b) Hf0.69Zr0.31O2, (c) Hf0.54Zr0.46O2, (d) Hf0.21Zr0.79O2, and (e) ZrO2 samples. 
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Figure 5.8. Film density (orange, left axis) and thickness (blue, right axis) extracted from XRR 

patterns for crystallized (filled in circles) and amorphous (open squares) films with each 

composition. 

 The longitudinal speed of sound was extracted from optical pump-probe picosecond 

acoustic measurements253–255 using a two-tint time-domain thermoreflectance system, which is 

described elsewhere.256,257 Briefly, the output of a Ti:Sapphire oscillator (100 fs pulses, 80 MHz) 

is energetically separated into high-energy pump and low-energy probe paths. The pump is 

electro-optically modulated at 8.4 MHz, and creates a periodic heating event at the surface of the 

samples coated with aluminum. This heating event also generates a strain pulse that propagates 

through the film stack, partially transmitting/reflecting at the interfaces between the layers. The 

reflectivity of the aluminum transducer is interrogated using the probe, which is mechanically 

delayed ~100 ps following the incident pump pulse. Because the reflectivity of the aluminum is 

proportional to both temperature and strain, signatures at short pump/probe delay times are 

indicative of the acoustic propagation times within each layer. Acoustic responses for the 

20 nm-thick crystallized HZO films are shown in Figure 5.9(a), where signatures from the Al/HZO 

and HZO/TaN interfaces are identified, with equivalent data for the amorphous films provided in 

Figure 5.10. The delay time between these two signatures, τ, represents the round-trip propagation 

time of the strain wave within the film, as diagrammed in Figure 5.11. Gaussian peaks were fit to 

both acoustic signatures to determine this delay, as shown for the Hf0.54Zr0.46O2 film in Figure 5.12. 
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Utilizing the measured film thicknesses, 𝑑, and the round-trip propagation times, the longitudinal 

speed of sound in each film was calculated via vL = 2d/τ. Elastic moduli were then calculated from 

the longitudinal wave velocities and the density measurements using Equations 5.1 and 5.2 with 

the assumptions of a linear elastic isotropic randomly oriented, polycrystalline solid or isotropic 

amorphous layer:258–260 

 

C11 = ρvL
2  5.1 

  

E = 
C11 (1 + ν) (1 - 2ν)

(1 - ν)
 

5.2 

 

Where C11 is an axial normal component of the strain tensor, ρ is the film density, vL is the 

longitudinal speed of sound, E is the elastic modulus of the film, and 𝜈 is Poisson’s ratio for HZO, 

assumed to be 0.29261–263 for this analysis. A description of error propagation using these equations 

is available in the appendix. The elastic moduli, provided in Table 5.1 and shown in Figure 5.9(b), 

were observed to increase with increasing ZrO2 composition, between 190 ± 5 GPa for the pure 

monoclinic HfO2 film and 204 ± 7 GPa for the pure tetragonal ZrO2 film, with positive deviations 

from this trend observed for the Hf0.69Zr0.31O2 (202 ± 6 GPa) and Hf0.54Zr0.46O2 (209 ± 6 GPa) 

compositions. The elastic moduli of the amorphous films were observed to increase with 

increasing ZrO2 composition, from 161 ± 4 GPa to 231 ± 7 GPa between pure HfO2 and pure 

ZrO2. Additional thickness, density, and sound velocity data for the amorphous films are provided 

in Table 5.2. 
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Table 5.1. Calculated elastic moduli and biaxial stress magnitudes along with parameters used for 

calculations, remanent polarizations, and relative permittivities for each HZO composition. *HfO2 

area detector data indicated preferred orientation. †Value represents the average of calculations 

from both (1̅11) and (111) monoclinic peaks. 

 
HfO2 Hf0.69Zr0.31O2 Hf0.54Zr0.46O2 Hf0.21Zr0.79O2 ZrO2 

Thickness (nm) 20.04 ± 0.30 19.58 ± 0.29 19.37 ± 0.29 20.73 ± 0.31 21.60 ± 0.32 

vL (m s-1) 5392 ± 96 5788 ± 115 5984 ± 114 6164 ± 110 6656 ± 151 

τ (ps)  7.43 ± 0.07 6.76 ± 0.09 6.47 ± 0.08 6.72 ± 0.07 6.37 ± 0.11 

ρ (g cm-3) 8.55 ± 0.03 7.90 ± 0.04 7.67 ± 0.04 6.82 ± 0.06 6.04 ± 0.05 

Pr (µC cm-2, at 2.5 MV cm-1) 0.54 8.38 14.01 2.82 0.03 

εr (at 2.5 MV cm-1, 10 kHz) 23.6 34.1 51.1 60.3 42.7 

C11 (GPa, crystallized) *248 ± 6 264 ± 8 274 ± 8 259 ± 7 267 ± 9 

E (GPa, Amorphous) 161 ± 4 173 ± 5 201 ± 8 202 ± 6 231 ± 7 

E (GPa, Crystallized) *190 ± 5 202 ± 6 209 ± 6 198 ± 5 204 ± 7 

σ (GPa) *,†1.94 ± 0.5 2.86 ± 0.2 3.60 ± 0.3 3.81 ± 0.2 3.98 ± 0.4 

 

 Given that the Hf0.69Zr0.31O2 and Hf0.54Zr0.46O2 films contained the second largest and 

largest contents of the orthorhombic phase, respectively, according to diffraction and electrical 

characterization, these positive deviations from the apparent increase indicate that the 

orthorhombic phase has an elastic modulus larger than the monoclinic and tetragonal phases. These 

values are in agreement with DFT predictions,96,97 and experimental trends between the bulk 

modulus of the monoclinic and non-ferroelectric orthorhombic phases of HfO2.
264

 The elastic 

moduli measured for the Hf0.54Zr0.46O2 film (209 ± 6 GPa), which possessed the largest content of 

the orthorhombic phase, is lower than the reported 340 GPa value extracted from fitting of acoustic 

vibrational responses of 10 nm-thick HZO nano-membrane resonators,251 and is larger than the 

reported ~170 GPa value measured on 10-100 nm-thick Hf0.55Zr0.45O2 films by atomic force 

microscopy.265 These differences may be related to varying phase purities, mechanical boundary 

conditions, and/or the indirect nature of moduli calculation from these other techniques. 
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Figure 5.9. (a) Acoustic responses measured on crystallized HfO2 (grey), Hf0.69Zr0.31O2 (blue), 

Hf0.54Zr0.46O2 (orange), Hf0.21Zr0.79O2 (purple), and ZrO2 (green) films, with signatures 

corresponding to the Al/HZO and HZO/TaN interfaces indicated. (b) Elastic moduli calculated for 

crystallized (orange circles) and amorphous (blue squares) HZO films. 
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Figure 5.10. Acoustic responses measured on amorphous HfO2 (grey), Hf0.69Zr0.31O2 (blue), 

Hf0.54Zr0.46O2 (orange), Hf0.21Zr0.79O2 (purple), and ZrO2 (green) films, with signatures 

corresponding to the Al/HZO and HZO/TaN interfaces indicated. 

 

 

Figure 5.11. Schematic of picosecond acoustic wave propagation through sample. 
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Figure 5.12. Picosecond acoustic data (grey) and associated fitted background (blue), summed 

calculated fit (orange), Al/HZO signature gaussian fit (purple), and HZO/TaN signature gaussian 

fit (green) for the crystallized Hf0.54Zr0.46O2 film. The positions of the acoustic signatures of the 

two interfaces (red lines) separated by a delay time, τ are indicated below. The composition of the 

film is indicated in the upper left of the panel. 

 

Table 5.2. Thickness, acoustic delay (τ), sound velocity (𝑣𝐿), density (𝜌), and axial normal elastic 

stiffness tensor component (C11) for each amorphous HZO film. †Value represents the average of 

calculations from both (1̅11) and (111) monoclinic peaks. 

 
HfO2 Hf0.69Zr0.31O2 Hf0.54Zr0.46O2 Hf0.21Zr0.79O2 ZrO2 

Thickness (nm) 20.04 ± 0.30 19.58 ± 0.29 19.37 ± 0.29 20.73 ± 0.31 21.60 ± 0.32 

τ (ps)  7.43 ± 0.07 6.76 ± 0.09 6.47 ± 0.08 6.72 ± 0.07 6.37 ± 0.11 

vL (m s-1) 5392 ± 96 5788 ± 115 5984 ± 114 6164 ± 110 6656 ± 151 

ρ (g cm-3) 8.37 ± 0.01 7.70 ± 0.01 6.90 ± 0.01 6.30 ± 0.01 5.55 ± 0.01 

C11 (GPa) †211 ± 6 226 ± 7 267 ± 10 264 ± 8 302 ± 9 
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 Utilizing measured elastic moduli, sin2(ψ) analyses were performed to assess the biaxial 

stress present in each of the crystalline films following processing. 2D diffraction patterns were 

collected using an area detector, with an example shown in Figure 5.13(a) for the Hf0.54Zr0.46O2 

sample. Area detector data were unwarped using the MgO diffraction peaks, with an example 

shown in Figure 5.14. The (1̅11) and (111) m (in the case of the HfO2 film) and (101)/(111) t + o 

reflections (in the case of the other films) were fit to quantify changes in d-spacing with ψ angle 

relative to film normal, as shown in Figure 5.13(b) for the Hf0.54Zr0.46O2 sample. The normalized 

intensities of the superimposed t + o diffraction peaks, also shown in Figure 5.13(b) for the 

Hf0.54Zr0.46O2 film, were observed to be effectively constant throughout the Debye ring, validating 

the assumption of a randomly oriented polycrystalline material. A similar lack of texture was 

observed in all other samples, except pure HfO2, with the 2D patterns shown in Figure 5.15. These 

observed changes in d-spacing with ψ angle were fit using Equations 3.2 and  3.3, with the 

assumption of a randomly oriented, polycrystalline solid with isotropic elastic behavior.209 Note 

that this calculation accounts for the biaxial modulus in an equi-biaxially stressed thin film. 

 

εψ = 
1+ν

E
σ|| sin

2
(ψ) -

2ν

E
σ||   3.2 

  

εψ = 
dψ - d0

d0

 
3.3 

 

Where dψ is the d-spacing at each ψ angle, ν is Poisson’s ratio (assumed to be 0.29261–263), E is the 

measured elastic modulus for each composition, and σ|| is the biaxial stress state. The strain-free 

d-spacings (d0) of the HZO films were calculated to occur at ψ angles (ψ*) at which Equation 3.4 

was fulfilled:209 
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sin(ψ*) = √
2ν

1+ν
  

3.4 

 

The d-spacings of the MgO powder resting on the film surface, shown in Figure 5.14 and Figure 

5.16, were not observed to vary with ψ angle, indicating that the observed m/t/o d-spacing slopes 

are not measurement artifacts. 

 

 

Figure 5.13. (a) 2D XRD pattern measured on the Hf0.69Zr0.31O2 sample with indexed m, t + o and 

MgO Debye rings indicated. (b) Change in t + o d-spacing with ψ angle relative to film normal 

(filled blue circles, left axis) with associated linear fit (red dotted line) used to calculate biaxial 

stress magnitude and normalized peak intensities (open blue circles, right axis) for the 

Hf0.69Zr0.31O2 film. 
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Figure 5.14. (a) 2D XRD pattern measured on the Hf0.21Zr0.79O2 sample with indexed HZO and 

MgO Debye rings indicated along (b) the associated unwarped pattern with intensity line scan 

profiles indicated as dotted lines. Intensity line scans are shown for the (c) HZO t/o diffraction 

peak used for sin2(ψ) analysis and (d) (111), (e) (200), and (f) (022) MgO diffraction peaks used 

for pattern unwarping, with the associated ψ angle colorations identified in the legend in panel (c). 

Dashed lines represent the indexing for each diffraction peak. 
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Figure 5.15. 2D XRD patterns measured on (a) HfO2, (b) Hf0.54Zr0.46O2, (c) Hf0.21Zr0.79O2, and (d) 

ZrO2 samples with indexed monoclinic, tetragonal, and orthorhombic Debye rings indicated. The 

Debye rings from the stress-free MgO powder standard are also indicated. 

 

 

Figure 5.16. Change in d-spacing with ψ angle relative to film normal (filled circles, left axis) with 

associated linear fit (red dotted line) and normalized peak intensities (open circles, right axis) for 

the (200) diffraction peak of the MgO stress-free standard adhered to the (a) HfO2, (b) 

Hf0.69Zr0.31O2, (c) Hf0.54Zr0.46O2, (d) Hf0.21Zr0.79O2, and (e) ZrO2 samples. 
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The biaxial stress states of the crystalline films were found to be 1.94 ± 0.5 GPa for the 

pure HfO2 film (averaged between the (1̅11) and (111) monoclinic peaks), 2.86 ± 0.2 GPa, 

3.60 ± 0.3 GPa, and 3.81 ± 0.2 GPa, for the Hf0.69Zr0.31O2, Hf0.54Zr0.46O2, and Hf0.21Zr0.79O2 

compositions, respectively, and 3.98 ± 0.4 GPa for the ZrO2 film, as shown in Figure 5.13 and 

Figure 5.17. Values utilized for stress quantification can be found in Table 5.1. The large tensile 

biaxial stresses present following processing are consistent with other studies examining stress 

states of HfO2-based ferroelectrics grown on binary nitride electrodes and suggest significant stress 

resulting from thermal expansion mismatch with the silicon substrates.125 Given that monoclinic 

HfO2 possesses a smaller coefficient of thermal expansion than tetragonal ZrO2,
266 and that clear 

evidence of monoclinic ferroelastic twin texturing was observed in the 2D diffraction patterns,267 

it is anticipated that the monoclinic HfO2 and mixed phase Hf0.69Zr0.31O2 films could better 

accommodate thermal strains compared to the other compositions, and thus maintain lower biaxial 

stress following processing. The texture of the (1̅11) and (111) reflections in the pure HfO2 film 

does mean that the assumption of a randomly oriented, isotropic crystalline solid used throughout 

the stress calculations is less valid for this film than for the other compositions. Furthermore, it 

should be emphasized that all of the crystal structures present in this study are elastically 

anisotropic. An implicit assumption of the sin2(ψ) technique used is that the elastic properties of 

the planes considered do not significantly differ. The complete elastic compliance tensor for each 

phase and composition would be necessary to account for any differences and, to date, this 

information is not available. Regardless, the random orientation of most compositions, linearity of 

d-spacing versus sin2(ψ), and use of the same atomic plane in each phase suggests that these results 

are reliable. 
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Figure 5.17. Change in t + o d-spacings with ψ angle relative to film surface normal (filled circles, 

left axis) with associated linear fits (red dotted line) used to calculate biaxial stress magnitudes and 

normalized peak intensities (open circles, right axis) for the (a-b) HfO2 ((1̅11) and (111) 

reflections, respectively), (c) Hf0.54Zr0.46O2, (d) Hf0.21Zr0.79O2, and (e) ZrO2 films. The calculated 

biaxial stress magnitudes are tabulated in the upper left of each panel along with the HZO 

composition. 

5.6 Conclusions 

 In summary, the elastic moduli of amorphous and crystalline 20 nm-thick Hf1-xZrxO2 films 

have been directly quantified using picosecond acoustic measurements. For the crystallized films, 

the elastic moduli were found to increase from 248 ± 6 GPa to 267 ± 9 GPa between the monoclinic 

HfO2 and tetragonal ZrO2 films, respectively. The Hf0.69Zr0.31O2 and Hf0.54Zr0.46O2 films, which 

were determined to have the largest content of orthorhombic phase, exhibited larger elastic moduli 

of 202 ± 6 GPa and 209 ± 6 GPa, respectively. The larger elastic moduli of films containing the 
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orthorhombic phase is consistent with computational predictions. The moduli of the amorphous 

films were observed to linearly increase between 161 ± 4 GPa and 231 ± 7 GPa as the composition 

was varied from pure HfO2 to pure ZrO2. The biaxial stresses of the crystalline films, quantified 

using their measured elastic moduli values through sin2(ψ) analysis, were found to increase from 

1.94 ± 0.5 GPa, for pure HfO2, to 3.98 ± 0.4 GPa, for pure ZrO2. Direct investigation of these 

elastic properties, through utilization of picosecond acoustic measurements, allows for enhanced 

analysis of stress effects on phase stability, domain structure, and polarization properties in HfO2-

based ferroelectric thin films. 
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Chapter 6: Metal Nitride Electrode Stress and Chemistry Effects on 

Phase and Polarization Response in Ferroelectric Hf0.5Zr0.5O2 Thin 

Films 
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The body of text of this chapter has been adapted to include the supplemental information and 

figures, where appropriate. 

6.1 Motivation 

 With differences in field cycling properties showing an electrode dependence in Chapter 

4, and the elastic moduli of the system experimentally measured in Chapter 5, this investigation 

focused on effects of electrode stress and chemistry on the polarization properties of HZO. All of 

the devices measured in this work utilized ALD-grown HZO prepared with identical conditions. 

All of these devices also utilized sputtered TaN electrodes, although with different background 

pressure conditions to produce different as-deposited stress states. It is shown that the stress state 

of the HZO following processing is not strongly dependent on the as-deposited stress state of the 

TaN electrodes, and that electrode chemistry, instead, more strongly governs the polarization 

properties of the yielded devices. Within this work, the development of a process to determine the 

stoichiometry of binary nitride electrodes using Angle-Resolved XPS (ARXPS) is described. 

https://doi.org/10.1002/admi.202100018
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6.2 Abstract 

 Ferroelectric phase stability in hafnium oxide has been reported to be influenced by factors 

that include composition, biaxial stress, crystallite size, and oxygen vacancies. In the present work, 

the ferroelectric performance of atomic layer deposited Hf0.5Zr0.5O2 (HZO) prepared between TaN 

electrodes that were processed under conditions to induce variable biaxial stresses is evaluated. 

The post-processing stress states of the HZO films reveal no dependence on the as-deposited stress 

of the adjacent TaN electrodes. All HZO films maintain tensile biaxial stress following processing, 

the magnitude of which is not observed to strongly influence the polarization response. Subsequent 

composition measurements of stress-varied TaN electrodes reveal changes in stoichiometry related 

to the different preparation conditions. HZO films in contact with Ta-rich TaN electrodes exhibit 

higher remanent polarizations and increased ferroelectric phase fractions compared to those in 

contact with N-rich TaN electrodes. HZO films in contact with Ta-rich TaN electrodes also have 

higher oxygen vacancy concentrations, indicating that a chemical interaction between the TaN and 

HZO layers ultimately impacts the ferroelectric orthorhombic phase stability and polarization 

performance. The results of this work demonstrate a necessity to carefully consider the role of 

electrode processing and chemistry on performance of ferroelectric hafnia films. 

6.3 Introduction 

HfO2-based thin films have experienced significant research and development following 

observation of their ferroelectric properties in 2011,1 which have been attributed to a metastable, 

non-centrosymmetric Pca21 orthorhombic phase. HfO2 exists at equilibrium in a monoclinic P21/c 

phase at standard temperature and pressure. However, owing to a surface energy effect, a 

metastable tetragonal P42/nmc phase, that is normally stable only at high temperatures, persists in 

small crystallite sizes.87 The ferroelectric orthorhombic phase, which exhibits a theoretical 

spontaneous polarization (Ps) of 50 µC cm-2 along its short c-axis, has been shown to be stabilized 

with respect to the tetragonal phase through the application of biaxial mechanical stress,115,116,151 

inclusion of dopants1,3,123,126,128,132 or alloying with other fluorite-structured oxides,268 or 

incorporation of point defects.103,110 These ferroelectric properties and their development have 

opened up a wide array of applications in non-volatile memory,2,232,245 energy harvesting,221,246 
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negative differential capacitance field-effect transistors,230,247 infrared sensing,149 and nonlinear 

optics.82,269 Incorporation of this material into next-generation device structures is attractive 

because it demonstrates inherent silicon/CMOS process compatibility,77 is manufacturable using 

mature atomic layer deposition (ALD) processes, and maintains stable ferroelectricity at thickness 

scales (1 – 30 nm)102,233,234 at which conventional ferroelectrics typically exhibit diminished 

polarization response.58 Hafnium zirconium oxide (Hf1-xZrxO2, HZO) alloys, in particular, have 

generated wide interest due to the observation of robust hysteresis behavior with a lower thermal 

budget compared to most other HfO2-based ferroelectrics.142,249 Zirconium oxide also 

demonstrates the largest dopant concentration window in which ferroelectric polarization response 

is observed (c.a. 10 – 80 at. %).3 For other dopants, a ferroelectric response is generally observed 

for concentrations between 1 – 10 at. %, excluding lanthanum,124 which has been shown to stabilize 

orthorhombic HfO2 with doping concentrations up to 20 at. %. 

Irrespective of the presence of dopants, oxygen vacancy concentration and distribution 

have been determined to play a key role in ferroelectric phase stabilization. First principles 

calculations have shown enhanced stabilization of the low surface energy tetragonal and 

orthorhombic phases over the monoclinic phase by ~5 - 10 meV f.u.-1 and ~4 meV f.u.-1, 

respectively, at an oxygen vacancy concentration of 2 at. % in HfO2.
117,270 Similar observations of 

larger remanent polarizations in films containing greater quantities of oxygen vacancies have been 

made experimentally,103,110,111 leading to further development of HfO2 deposition processes 

designed to enhance the concentrations of these defects. Such process modifications have included 

alteration of the oxygen content in the process gas during sputtering103,110 or duration of the ozone 

dose during ALD.111 Aside from HfO2 processing conditions, studies have observed varied 

ferroelectric performance dependent upon the selected electrode material. Comparisons between 

common binary nitride electrode materials have noted enhanced polarization in HfO2 films when 

utilizing TaN electrodes compared to TiN, which has been attributed to increased reactivity 

between the ferroelectric and neighboring TaN electrode.117 

Using angle-resolved X-ray photoelectron spectroscopy (XPS), experimental works have 

directly observed large oxygen vacancy concentrations at HZO/TiN interfaces related to an oxygen 

scavenging phenomenon, driven by the formation of a TiOxNy reaction layer.155 Reaction layers 

have also been observed at HfO2/TaN interfaces,158 affecting the symmetry of ferroelectric 
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switching of the capacitors in the as-prepared state. The oxidation behavior of binary nitride 

electrodes depends on their stoichiometry,271,272 which is a function of their deposition 

conditions.273,274 As oxygen transport in binary nitride electrodes is facilitated by nitrogen 

vacancies,184 differences in oxygen vacancy contents in hafnia films prepared on nitrogen-deficient 

electrodes may be expected. Typical anneals for HZO and other HfO2-based ferroelectrics have 

been carried out between 500 – 900 °C for 20 – 60 seconds, with films typically grown between 5 

– 20 nm. Owing to large oxygen diffusivities, the diffusion length for an oxygen vacancy in both 

HfO2
275

 and ZrO2
276 under these conditions is greater than the thickness of typically grown 

ferroelectric HZO films (including those grown for this study). Diffusion of oxygen vacancies 

related to a reaction with binary nitride electrodes could, therefore, affect the entire volume of the 

HZO film. Recent experimental work has subsequently explored the impact of the binary nitride 

electrode/ferroelectric interface277 and nitrogen content in the nitride electrode159 on HfO2-based 

ferroelectric polarization performance. In the former, it was shown that oxygen content prior to 

deposition of the ferroelectric layer played a role in the interface chemistry and performance. In 

the latter, more stable field cycling performance was observed for devices with TiN electrodes 

prepared with nitrogen enriched conditions, which presumably resulted in fewer oxygen vacancies 

in the HZO films. Mass transport between the ferroelectric and neighboring electrode layers, 

affected by electrode deposition conditions, can, therefore, impact the oxygen vacancy 

concentration within the ferroelectric film, and thus affect polarization performance. 

Deposition conditions are well known to affect the mechanical stress of physical vapor 

deposited films.278,279 It is therefore important to understand how the deposition-related stress of 

neighboring layers affects the stabilization of the orthorhombic phase in HZO thin films. Stress-

induced orthorhombic phase stabilization has been attributed to constraint of a volume expansion 

during the phase transformation from tetragonal (high temperature, small crystallite size) to 

monoclinic (room temperature, bulk) of +7.3 Å3.96 When constrained, the orthorhombic phase, 

which falls energetically between the tetragonal and monoclinic phases, forms as a metastable 

intermediate. Owing partly to this volume constriction, computational studies have predicted an 

increase in orthorhombic phase stabilization with hydrostatic and epitaxial compressive 

stresses,96,104,280 although such behaviors have not been experimentally observed. Volume 

constriction-related phase stabilization aside, stress can also affect ferroelectric domain structure 

and polarization magnitude. Previous experiments115,116,151 have revealed increases in remanent 
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polarization with increasing tensile biaxial stress and decreases with compressive biaxial stress, 

contrary to what is observed for conventional perovskite ferroelectrics, such as Pb(Zr,Ti)O3
204

 and 

BaTiO3.
206 These ferroelectrics display larger polarization magnitudes under biaxial compressive 

stress due to their polarization axis orienting perpendicular to the biaxial stress plane. Under biaxial 

tensile stress the effect is opposite and domain orientation with the long, polar axis parallel to the 

biaxial stress plane is facilitated. Conversely, owing to the short b-axis87 polarization vector, 

orthorhombic HfO2 polarization responses are observed to increase with biaxial tensile stress and 

decrease with biaxial compressive stress.115,151 As both orthorhombic phase stabilization and 

ferroelectric domain structure have demonstrated stress state dependencies, the development of 

processes that optimize ferroelectric performance of HfO2-based thin films will necessarily involve 

an understanding of deposition-related stress effects. 

Repeatable and reliable polarization response must be demonstrated for ferroelectric HfO2-

based thin films to witness full adoption into the next generations of microelectronics. 

Repeatability presents a challenge for these ferroelectric films because the orthorhombic phase is 

sensitive to stress and point defect concentration, both of which may be affected by interactions 

with adjacent layers and can cause additional challenges if implemented in CMOS fabrication. 

Understanding the interplay of deposition conditions on orthorhombic phase stabilization is, 

therefore, a critical step toward the implementation of this material into future computing 

technologies. 

6.4 Experimental Procedures 

 To examine electrode chemistry and stress effects on the stabilization of the orthorhombic 

phase in HZO thin films, devices were prepared between TaN electrodes deposited under 

conditions that resulted in varying as-deposited biaxial stress states. The samples in this study were 

prepared at Sandia National Laboratories. 20 nm-thick films of nominal composition Hf0.5Zr0.5O2 

were deposited between 100 nm-thick (111)-oriented TaN top and bottom electrodes on (001)-

oriented n-type silicon substrates using thermal ALD with a flow-through style reactor (Ultratech 

Savannah) with a substrate temperature of 150 °C. Tetrakis(dimethylamino)hafnium (TDMA Hf, 

at 75 °C) and tetrakis(dimethylamino)zirconium (TDMA Zr, at 75 °C) precursors were utilized in 

a 5:5 super cycle ratio to control film composition, both utilizing nitrogen as a carrier gas and 
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water as an oxidant. Due to a difference in the growth per cycle between the two precursors, the 

films were hafnium-rich with a composition of Hf0.58Zr0.42O2.
149 The TaN top and bottom 

electrodes were deposited from a sintered TaN target using pulsed DC (30 kHz, 4 µs reverse time) 

magnetron sputtering in a Denton Discovery 550 system under variable argon background pressure 

to control the as-deposited biaxial stress states of the films. Background pressure was varied by 

controlling argon gas flow rates under a constant dynamic pumping condition. The as-deposited 

biaxial stress states of the TaN electrodes were quantified via witness wafer curvature 

measurements using a Toho FLX-2320-S Thin Film Stress Measurement System and the Stoney 

equation. A schematic of the final device structure is shown in Figure 6.1(a). 

 Two series of samples were prepared. One series had the bottom electrode deposited in a 

near-neutral stress state (-43 MPa) and the top electrode stress varied; this series is denoted as the 

Top Varied series throughout this chapter. The second series had the bottom electrode stress varied 

while the top electrode was deposited in a near-neutral stress state; this series is denoted as the 

Bottom Varied series. The completed TaN/HZO/TaN stacks were annealed at 600 °C for 30 

seconds in a nitrogen atmosphere in a rapid thermal annealer (Surface Science Integration Solaris 

150). Lithographically defined 50 nm-thick platinum contacts of various diameters (288 – 90 µm) 

were isolated by reactive ion etching through the top TaN electrode layer to form discrete 

Pt/TaN/HZO/TaN/Si capacitor structures. Following processing, 2D XRD patterns were collected 

on each HZO film with a Rigaku Oxford Diffraction system equipped with a Rigaku Dectris Eiger 

R 4M detector using Cu Kα radiation for sin2(𝜓) biaxial stress analyses. Area detector data 

unwarping was completed using the pyFAI python data analysis package.212 GIXRD patterns were 

also collected between 26° and 33° in 2θ on each sample using a Rigaku SmartLab diffractometer 

in a parallel beam geometry utilizing Cu Kα radiation with ω fixed at 0.7° in 2θ. 

 All samples were characterized with polarization-electric field (P(E)) and Positive Up, 

Negative Down (PUND) measurements between 1 and 2.5 MV cm-1, which were performed using 

a Radiant Technologies Precision LC II Ferroelectric Tester. P(E) measurements had a period of 

1 ms and PUND measurements had pulse widths of 10 ms with pulse delays of 100 ms. Remanent 

polarization values were extracted from the PUND measurement, which probes switchable 

polarization and is less influenced by leakage current contributions to polarization than 

conventional polarization-field measurements. On each sample, five devices were characterized to 
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establish confidence intervals. Leakage current was measured for each sample between -2.5 and 

2.5 MV cm-1 using a Keysight B2901A Precision Source/Measure Unit. 

N:Ta ratios for witness blanket TaN electrode layers were determined using a PHI 

Versaprobe X-Ray Photoelectron Spectroscopy III instrument utilizing monochromated Al Kα 

radiation with an incidence angle of 45°, a pass energy of 26 eV, an anode bias of 15 kV, and an 

anode power of 50 W. Angle-resolved XPS measurements were made using a Scientia Omicron 

system equipped with Al Kα radiation and a R3000 Analyzer described elsewhere.281 XPS spectra 

were fit using KolXPD spectral fitting software. Shirley backgrounds were fit for each spectrum, 

and Voigt peaks were fit to each known feature to assess and compare amplitudes. GIXRD patterns 

were also collected on witness blanket TaN electrode layers, using a Rigaku SmartLab 

Diffractometer with conditions identical to those used for GIXRD measurements of the HZO film. 

6.5 Results and Discussion 

 To evaluate the effects of different electrode stress conditions on the polarization properties 

of HZO, two series of samples, diagramed in Figure 6.1(a), were prepared in which either the top 

(referred to as the Top Varied series) or bottom (referred to as the Bottom Varied series) TaN 

electrodes were processed to impose different quantities of biaxial stress. During sputter deposition 

of the stress-varied TaN electrodes from a pure TaN target in the Bottom Varied sample series, 

variation in argon background pressure within the sputter chamber between 6.7 and 10.1 mTorr 

resulted in as-deposited biaxial stresses between -1455 and 234 MPa, respectively, as shown in 

Figure 6.1(b). As the background pressure was increased, the resultant biaxial stress was observed 

to become more tensile, consistent with previous observations of sputter deposition processing of 

metal nitride films.282 Identical variable background pressure conditions were utilized during 

deposition of the top electrode in the Top Varied series to establish a stressed top electrode. In 

both series, the non-stress-varied electrode was deposited with the 8.3 mTorr background pressure 

condition which produced -43 MPa of biaxial stress in the Bottom Varied series. It should be noted 

that an unavoidable processing difference between the Top and Bottom Varied sample series exists 

where the bottom TaN layer was prepared on native SiO2, heated to 150 °C in vacuum for HZO 

synthesis, and subject to ALD processes of the 20 nm HZO layer. The top TaN layer was grown 
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on the 20 nm thick HZO layer and was not exposed to the HZO deposition process. Both TaN 

layers, however, were subject to the 600 °C rapid thermal anneal to crystallize the HZO film. 

 

 

Figure 6.1. (a) Diagram of device structure with layer materials, thicknesses, and as-deposited 

biaxial stress states indicated (where applicable). (b) Variation in as-deposited biaxial stress of the 

TaN electrodes with argon background pressure utilized during sputter deposition. 

 

 Following processing, the biaxial stress state in the HZO layer in each sample was 

quantified through sin2(ψ) analysis of area detector X-ray diffraction (XRD) data. An example of 

an unwarped 2D diffraction pattern is shown in Figure 6.2(a) for the Bottom Varied sample with 

the 6.7 mTorr background pressure TaN sputtering condition. Line segments at ψ angles between 

± 65° were extracted from the intensity maps, with each segment comprising 2θ data with the 

diffraction vector oriented away from the film normal at an angle ψ. In all diffraction segments, 

peaks were observed at 28.4°, 30.4°, and 31.6° in 2θ, which were indexed as the (1̅11) monoclinic 
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(m), superimposed (101)/(111) tetragonal/orthorhombic (t + o), and (111) monoclinic reflections, 

respectively. Representative intensity versus scattering angle data, extracted from the area detector 

diffraction pattern from the Bottom Varied sample with the 6.7 mTorr background pressure TaN 

electrode sputtering condition, are shown in Figure 6.2(b). Additional indexed Grazing Incidence 

XRD (GIXRD) patterns measured on each sample are shown in Figure 6.3. 

 The changes in d-spacing of the t + o diffraction peak as a function of ψ angle were used 

to quantify the HZO stress states through fitting to Equations 3.2 and 3.3:209 

 

εψ = 
1+ν

E
σ|| sin

2
(ψ) -

2ν

E
σ||   3.2 

  

εψ = 
dψ - d0

d0

 
3.3 

 

Where 𝑑𝜓 is the d-spacing at each ψ angle, ν is Poisson’s ratio, E is the elastic modulus, and σ|| is 

the biaxial stress. Through an assumption of a randomly oriented polycrystalline film, the strain-

free d-spacing (𝑑0) was calculated at a ψ angle (ψ∗) at which Equation 3.4 was fulfilled:209 

 

sin(ψ*) = √
2ν

1+ν
  

3.4 
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Figure 6.2. (a) Unwarped XRD area detector data from the Bottom Varied sample with the 

6.7 mTorr background pressure TaN sputtering condition following processing with indexed 

Debye rings indicated. (b) Diffraction line scans extracted from the area detector data at specific 

ψ angles (indicated to the left of corresponding patterns) with indexing (grey dashed lines) 

indicated across the top of the panel. 
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Figure 6.3. Grazing Incidence XRD patterns measured on (a) Top Varied and (b) Bottom Varied 

Sample series. Indexing for each of the observed peaks is indicated above the panels and the 

sputtering background pressure of the condition-varied TaN electrode is indicated to the left of 

each pattern. 

 

A value of 0.29261–263 was assumed for ν and a modulus value of 265 ± 8 GPa283 was used. Shown 

in Figure 6.4(a-e) are the changes in d-spacings and normalized integrated areas of the t + o 

diffraction peaks as a function of ψ angle for the Bottom Varied sample series. Equivalent data for 

the Top Varied sample series are shown in Figure 6.5. The positive linear slope present in data 

from each sample is an indication that the HZO films are all under tensile biaxial stress following 

processing, which is consistent with similar analyses of La-doped HfO2 ferroelectric thin films 

prepared on silicon substrates with TiN electrodes,125 as well as analyses discussed in Chapter 5 

of samples prepared at the University of Virginia. In tandem, the lack of substantial change in 

normalized t + o integrated area with out-of-plane angle indicates that the HZO did not possess 

any strong crystallographic texture, validating the assumption of a randomly oriented 

polycrystalline film used for the biaxial stress calculations. Based upon the fit slopes and 

intercepts, HZO biaxial stress values were determined to fall between 1282 ± 85 MPa and 626 ± 
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59 MPa for the Bottom Varied series and 918 ± 45 MPa and 489 ± 40 MPa for the Top Varied 

series. The post-processing HZO stress state was not observed to correlate with the as-deposited 

stress state of the TaN electrode layers, as shown in Figure 6.4(f). 

 

 

Figure 6.4. t + o d-spacing (filled in points, left axis) and normalized t/o intensity (open points, 

right axis) dependence on ψ angle and associated linear fit (red lines) used to calculate the post-

processing biaxial stress states for the (a) 6.7, (b) 7.7, (c) 8.3, (d) 9.4, and (e) 10.1 mTorr 

background pressure TaN sputtering conditions in the Bottom Varied sample series. The utilized 

background pressures during stress-varied electrode sputtering and calculated post processing 

HZO biaxial stress states are indicated in the lower left of each panel. (f) Comparison between as-

deposited TaN biaxial stress and post-processing HZO biaxial stress for both Bottom (orange) and 

Top (blue) Varied sample series. 
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Figure 6.5. t + o d-spacing (filled in points, left axis) and normalized t/o intensity (open points, 

right axis) dependence on 𝜓 angle and associated linear fit (red lines) used to calculate the post-

processing HZO biaxial stress states for the (a) 6.7, (b) 7.7, (c) 8.3, (d) 9.4, and (e) 10.1 mTorr 

background pressure sputtering conditions in the Top Varied sample series. The utilized 

background pressures during TaN sputtering and calculated post-processing HZO biaxial stress 

states are indicated in the lower left of each panel. 

 

 Polarization versus electric field (P(E)) hysteresis responses, measured between 1.0 and 

2.5 MV cm-1 with a frequency of 1 kHz on the Top Varied sample series, are shown in Figure 

6.6(a-e) corresponding to each TaN sputter background pressure condition. The equivalent 

measurements for the Bottom Varied series are shown in Figure 6.7. Regardless of the background 

pressure utilized during electrode deposition, all samples maintained average coercive fields 

between 1.1 and 1.3 MV cm-1 and exhibited saturated hysteresis behavior consistent with low 

leakage current contributions to polarization responses. Additional data, including remanent 

polarization, saturation polarization, and coercive field from P(E) measurements is provided in 

Table 6.1. Remanent polarization values, recorded from positive-up negative-down analysis after 

a pulse amplitude of 2.5 MV cm-1, are shown in Figure 6.8(a) for both the Top and Bottom Varied 
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sample series. While the largest remanent polarization values were observed for the HZO films 

with the largest magnitudes of tensile stress, consistent with previous studies on stress effects in 

HfO2-based ferroelectrics,115,151 no clear Pr dependence on HZO stress state could be discerned, 

which suggests that additional factors impacted the polarization magnitude. 

 

 

Figure 6.6. Nested hysteresis loop measurements made on the Top Varied sample series with TaN 

electrodes deposited with (a) 6.7, (b) 7.7, (c) 8.3, (d) 9.4, and (e) 10.1 mTorr background pressure 

sputtering conditions. The background pressures utilized for sputter deposition of the stress varied 

(top) TaN electrodes and resulting post-processing HZO biaxial stress states are indicated in the 

lower right of each panel. 
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Figure 6.7. Nested hysteresis measurements made on the Bottom Varied series with TaN electrodes 

deposited with (a) 6.7, (b) 7.7, (c) 8.3, (d) 9.4, and (e) 10.1 mTorr background pressure sputtering 

conditions. The background pressures utilized for sputter deposition of the stress varied (bottom) 

TaN electrodes and resulting post-processing HZO biaxial stress states are indicated in the lower 

right of each panel. 
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Table 6.1. Coercive field (EC), hysteresis saturization polarization (PS) and remanent polarization 

(Pr), and PUND Pr measured on both Top and Bottom Varied sample series. The column heads 

identify the background sputtering condition utilized for the stress-varied electrode. P(E) 

measurements were made with a 1 ms period (1 kHz) and PUND measurements were made with 

10 ms voltage pulses. 

Sputtering Condition (mTorr) 6.7 7.7 8.3 9.4 10.1 

EC (+/-, Top Varied, MV cm-1) 1.5/-0.82 1.42/-1.14 1.44/-1.07 1.49/-1.29 1.40/-1.15 

EC (+/-, Bottom Varied, MV cm-1) 1.48/-0.92 1.35/-1.07 1.46/-1.02 1.91/-0.87 1.99/-0.83 

Hysteresis Ps (+/-, Top Varied, µC cm-2) 9.03/-8.82 12.25/-12.04 10.68/-10.38 8.19/-8.00 11.12/-10.93 

Hysteresis Ps (+/-, Bottom Varied, µC cm-2) 13.32/-13.30 13.32/-13.30 12.44/-12.14 9.75/-9.56 10.14/-10.05 

Hysteresis Pr (+/-, Top Varied, µC cm-2) 4.54/-4.33 6.88/-6.67 5.22/-5.21 2.82/-2.34 5.40/-5.46 

Hysteresis Pr (+/-, Bottom Varied, µC cm-2) 7.47/-7.75 7.47/-6.96 6.29/-6.47 3.70/-4.00 3.89/-4.00 

PUND Pr (Top Varied, µC cm-2) 7.15 ± 076 7.05 ± 0.24 6.62 ± 0.40 3.30 ± 0.97 6.61 ± 0.23 

PUND Pr (Bottom Varied, µC cm-2) 8.50 ± 0.21 8.22 ± 0.16 7.70 ± 0.01 5.65 ± 0.17 6.27 ± 0.11 

 

 

 While there was no clear dependence of remanent polarization on magnitude of post-

processing biaxial tensile stress in the HZO films, a correlation between remanent polarization and 

TaN sputtering condition was observed, as shown in Figure 6.8(b). Samples prepared with TaN 

electrodes with the largest quantities of as-deposited compressive biaxial stress (-1455 MPa) 

demonstrated the largest measured remanent polarizations of both the Top and Bottom Varied 

sample series, 7.15 ± 0.8 and 8.50 ± 0.2 µC cm-2, respectively. Oppositely, samples deposited with 

TaN electrodes with 149 MPa of as-deposited tensile biaxial stress were measured to have the 

smallest remanent polarizations in both the Top and Bottom Varied sample series of 3.29 ± 1.0 

and 5.66 ± 0.2 µC cm-2, respectively. Given that the background pressure utilized during TaN 

electrode deposition was altered in order to induce the different biaxial stress states, it was 

suggestive that chemical variation in the TaN electrodes may be responsible for the polarization 

variation. 
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Figure 6.8. Change in Pr with (a) post-processing HZO biaxial stress and (b) as-deposited TaN 

electrode biaxial stress. 

 

 As it is known that processing conditions can impact the stoichiometry of nitride 

electrodes, the composition of the TaN electrodes was assessed through XPS measurements of 

witness TaN films. Oxide overlayer attenuation corrections on direct surface measurements were 

utilized for this analysis instead of sputter depth profiling through oxide overlayers to avoid effects 

from differential sputter yields of tantalum and nitrogen species that could result in artifacts in the 

measurements. Example spectra from the N 1s/Ta 4p and Ta 4f regions measured on the TaN film 

deposited with the 6.7 mTorr background pressure condition are shown in Figure 6.9. The 

corresponding residuals from the fits to the raw data are indicated above the XPS spectra. 

Equivalent measurements for the TaN films prepared with the other sputtering conditions are 

shown in Figure 6.10. Peaks corresponding to TaxOy, TaOxNy, and TaNx were observed in each 
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region, indicating the presence of a native oxide and interfacial layer on top of a TaN film.284 An 

angle-resolved XPS (ARXPS) measurement of a TaN film with TaxOy overlayer was made in order 

to evaluate the infinite intensity ratio (k) between TaxOy/TaNx, and ultimately determine oxide 

overlayer thicknesses for attenuation corrections using Equations 6.1 and 6.2:285 

 

 d = EALTa4f(Ta2O5)cosθ ln(1 + k (
ITa4f(Ta2O5)

ITa4f(TaN)

)) 
6.1 

  

IN1s,Ta4f(TaN)
∞  = IN1s,Ta4f(TaN) exp(

d

EALN1s,Ta4f(Ta2O5)cosθ
)  

6.2 

 

Where d is the oxide overlayer thickness,  EALTa4f(Ta2O5) and EALN1s,Ta4f(Ta2O5) are the effective 

attenuation lengths for Ta 4f and N 1s electrons in Ta2O5,
286 respectively, θ is the take-off angle 

for photoelectrons, k is the infinite intensity ratio between TaxOy/TaNx from ARXPS 

measurements, ITa4f(Ta2O5) and IN1s,Ta4f(TaN) correspond to the measured intensities of the Ta 4f 

peaks from TaxOy and Ta 4f and N 1s peaks from TaNx, respectively, and IN1s,Ta4f(TaN)
∞  is the 

calculated intensity of N 1s and Ta 4f peaks from an infinitely thick TaNx film. Spectra and fits for 

the infinite intensity ratio determination using ARXPS are shown in Figure 6.11. The infinite 

intensity ratio between Ta2O5 and TaN (k) was calculated through fitting of experimental intensity 

ratios measured at different angles on a TaN film (6.7 mTorr background pressure condition)285 

and least squares minimizing the of infinite intensity ratio and oxide thickness fitting parameters 

using Equation 6.3 with the assumption that the kinetic energy difference between TaN and Ta2O5 

Ta 4f  photoelectrons is negligible: 

 

𝑑 = EALTa2O5
cosθ ln (1+k

ITa2O5

ITaN

)  
6.3 
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 Following attenuation correction, the intensities of the N 1s and Ta 4f peaks corresponding 

to each species in TaN (peak fits shown in red in Figure 6.9) were compared using the relative 

sensitivity factor (RSF) method.287,288 The same fit methodology was applied to each TaN 

deposition condition, allowing for direct comparisons between stoichiometries resulting from each 

process. 

 

 

Figure 6.9. XPS spectra for the N 1s/Ta 4p (left) and Ta 4f regions (right) for the 6.7 mTorr 

background pressure TaN sputtering condition. The summed fit (blue line) is plotted over the raw 

data (grey points) with associated peaks and background plotted below, residuals from the fit 

plotted above each panel (red), and the background pressure utilized during sputtering and 

resulting as-deposited biaxial stress indicated above. 
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Figure 6.10. XPS spectra for the N 1s/ Ta 4p (left) and Ta 4f regions (right) for the (a) 7.7, (b) 8.3, 

(c) 9.4, and (d) 10.1 mTorr background pressure TaN sputtering conditions. The summed fits (blue 

lines) are plotted over the raw data (grey points) with associated peaks and backgrounds plotted 

below, residuals from the fits plotted above each panel (red), and the utilized background pressures 

and resulting as-deposited biaxial stresses indicated above each residuals plot. 
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Figure 6.11. XPS spectra for Ta 4f region measured on the 6.7 mTorr background pressure 

sputtering condition at angles of (a) 30°, (b) 40°, (c) 50°, (d) 60°, and (e) 70°. The summed fits 

(blue lines) are plotted over the raw data (grey points) with associated peaks and backgrounds 

plotted below and measurement angle indicated in the upper left. (f) Measured Ta
2
O

5
/TaN intensity 

ratio plotted against measurement angle (orange points) with associated optimized fit (blue line) 

with infinite intensity (k) and oxide thickness (d) fitting parameters indicated in the lower left of 

the panel. 

 

 The N:Ta ratios of the deposited TaN electrode layers are compared in Figure 6.12(a) with 

the background pressure utilized during sputtering. In general, lower background pressures 

resulted in higher tantalum contents, while higher background pressures resulted in higher nitrogen 

contents. As the background pressure during sputtering was varied between 6.7 and 10.1 mTorr, 

the resulting TaN electrode nitrogen content was observed to vary between 0.66 ± 0.04:1 and 

1.12 ± 0.08:1. It is important to note that while the range of these raw values is large and greater 

than may be expected for a line compound such as TaN, the relative compositions calculated using 

the RSF method have historically been observed to be precise but lack in accuracy.288 Further, the 

room temperature deposition of a refractory compound, such as TaN, may result in phase stability 
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for compositions that are far from equilibrium.271 Regardless, analysis of grazing incidence XRD 

(GIXRD) patterns measured on each TaN electrode sputtering condition, shown in Figure 6.13, 

indicated that all films were cubic Fm3̅m in phase, while significant compositional variations 

resulted from the changing deposition background pressure. 

 

 

Figure 6.12. (a) N:Ta ratio as a function of background pressure utilized during sputter deposition 

of the TaN electrodes and (b) HZO Pr dependence on TaN stoichiometry for both Bottom (orange) 

and Top (blue) Varied sample series. 
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Figure 6.13. GIXRD patterns measured on TaN electrode layers sputter deposited with various 

background pressure conditions, as indicated above each pattern, with indexing (grey, dotted lines) 

for observed peaks indicated across the top of the panel. 

 

The impact of the electrode stoichiometry on remanent polarization was assessed and is 

shown in Figure 6.12(b); a clear correlation of polarization and TaN composition was revealed. 

The largest remanent polarizations were observed for the samples for which the stress-varied 

electrode possessed the lowest N:Ta ratio. In tandem, the smallest remanent polarizations were 

measured for the samples with the most nitrogen-rich TaN electrodes. These trends held between 

both the top and bottom varied TaN stress series. In general, the Bottom Varied series exhibited 

larger remanent polarizations than the Top Varied series. This difference could be related to an 

adventitious oxide interlayer separating the HZO and the stress varied TaN electrode in the Bottom 

Varied series, owing to the aforementioned processing difference between the two sample sets. 

 It is apparent that electrode stoichiometry affects the polarization of the HZO films and 

that the effect is stronger than that from the tensile biaxial stress state. It has been established that 

oxygen point defect concentration is a contributor to ferroelectric phase stability and therefore it 

is likely that the non-stoichiometry of the TaN electrodes leads to differing oxygen vacancy 

contents in the HZO layers via an oxygen scavenging mechanism.156,289 While direct examination 

of defect concentrations in HZO thin films has proven experimentally difficult, leakage current 

measurements have been utilized to estimate these quantities.111,121,122 Larger leakage currents 
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have been attributed to higher oxygen point defect concentrations that enable current to flow via 

compensating electrons and trap-assisted tunneling where the oxygen vacancies serve as traps. 

Leakage current measurements were thus made on each of the films in both series and are shown 

in Figure 6.14. While asymmetry in the leakage current profiles prevented quantitative trap-

assisted tunneling fitting of leakage current density data, an observable correlation was noted 

between electrode nitrogen content and measured leakage current at ± 2.0 MV cm-1, as shown in 

Figure 6.15(a). As the electrode N:Ta ratio increased from 0.66 ± 0.04:1 to 1.12 ± 0.08:1, the 

measured leakage currents at -2.0 MV cm-1 decreased by over an order of magnitude, from 

2.3 × 10-4 to 2.2 × 10-5 A cm-2 and from 7.3× 10-4 to 3.8 × 10-5 A cm-2 for the Top and Bottom 

Varied sample series, respectively. A similar trend was observed for leakage currents at 

+2.0 MV cm-1. These trends suggest that the HZO films prepared with TaN electrodes containing 

smaller N:Ta ratios (i.e. those that are deficient in nitrogen with respect to a 1:1 N:Ta ratio) contain 

higher levels of oxygen vacancies. This data supports the notion that TaN electrodes that are 

nitrogen-deficient are more reactive to the HZO films. Further, this leakage current trend reflects 

the trend of decreasing polarization with increasing electrode N:Ta ratio. 
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Figure 6.14. Leakage current density measurements for (a) Bottom and (b) Top Varied Sample 

series. The legend indicates N:Ta ratio of sputtering condition-varied TaN electrode layer. 

 

 Given the trends between electrode nitrogen content and leakage current and polarization, 

it follows that the films deposited with nitrogen-deficient electrodes have a larger content of the 

ferroelectric orthorhombic phase. To confirm this trend in phase constitution, the integrated 

intensities of the t + o diffraction peaks in all area detector linescan patterns corresponding to each 

film were compared with the integrated intensity sum of all three HZO peaks, thus providing a 

relative t + o intensity ratio, denoted as the relative t + o phase fraction in Figure 6.15(b). Similar 

to the trends observed in polarization and leakage current density, the relative t + o phase fractions 

were observed to decrease from 0.52 ± 0.01 to 0.44 ± 0.01 and 0.58 ± 0.01 to 0.51 ± 0.01 for the 

Top and Bottom Varied sample series, respectively, as the electrode N:Ta ratio increased from 

0.66 ± 0.04:1 to 1.12 ± 0.08:1. Combined, these data indicate that it is the increasing oxygen 
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vacancy content in the HZO films, driven by electrode non-stoichiometry, that ultimately impacts 

the ferroelectric phase content and polarization response. This suggests that the electrode 

stoichiometry played a larger role in the polarization response than the post-processing HZO 

tensile biaxial stress and that the resulting oxygen vacancy content is a critical factor in the stability 

of the orthorhombic phase and polarization performance of these ferroelectrics. 

 

 

Figure 6.15. (a) Leakage current density measured at +2.0 MV cm-1 (open points) 

and -2.0 MV cm-1 (closed points) and (b) relative t + o phase fractions for HZO films as a function 

of the nitrogen content of the TaN electrodes. Orange circles and blue square points represent films 

in the Bottom and Top Varied sample series, respectively. 

6.6 Conclusions 

 The post-processing biaxial stress states of ferroelectric HZO films, deposited between top 

and bottom TaN electrodes of varied as-deposited stress states, were quantified and compared to 
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polarization performance. A weak correlation between the magnitude of the tensile biaxial stress 

and measured remanent polarization was observed. Subsequent XPS analysis of TaN 

stoichiometry revealed differences in N:Ta ratios within the stress modulated electrode layers. 

These stoichiometry differences were observed to correlate with ferroelectric performance, as 

HZO devices with electrodes with lower N:Ta ratios exhibited higher measured remanent 

polarizations. Subsequent leakage current measurements were consistent with oxygen point defect 

concentrations within the HZO films being dependent upon the TaN stoichiometry. HZO films 

prepared between electrodes with lower N:Ta ratios had higher leakage currents. These data 

indicate that electrodes with lower N:Ta ratios yielded larger oxygen vacancy concentrations in 

the HZO films, which resulted in greater stability of the ferroelectric phase and increased 

polarization response. This enhanced orthorhombic phase stabilization, related to electrode 

chemistry, was also observed in analysis of relative phase fractions in each film through fitting of 

area detector XRD patterns. It was revealed that the relative content of the t + o phase was larger 

in samples deposited with nitrogen-deficient TaN layers. The electrode stoichiometry effect, and 

concomitant HZO oxygen vacancy dependence, presented a stronger influence on the polarization 

performance of the HZO than the tensile biaxial stress effect. These results suggest that nitride 

electrode stoichiometry is a critical factor that must be controlled for HZO ferroelectric devices. 
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Chapter 7: Wake-up and Fatigue Mechanisms in Ferroelectric 

Hf0.5Zr0.5O2 Films with Symmetric RuO2 Electrodes 
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The body of text of this chapter has been adapted to include the supplemental information and 

figures, where appropriate. 

7.1 Motivation 

 The investigation described in Chapter 4 revealed that the field-cycling behavior of 

nominally identical HZO layers is different depending on whether TaN, W, or Pt electrodes are 

utilized. To date, oxide electrode materials, which have been observed to prevent field-cycling 

driven polarization fatigue in PZT and BTO ferroelectrics, have only recently begun to be 

examined for applications in HZO thin films. The polarization fatigue mitigation in PZT and BTO 

was been attributed to superior oxygen and defect transfer between the oxide electrode and 

ferroelectric layers during field-cycling compared with metallic equivalents. In HZO, the role of 

oxygen and oxygen vacancies in both orthorhombic phase stabilization and field-cycling behavior 

make comparisons directly with PZT and BTO difficult, precipitating the need to experimentally 

examine such electrode materials in this system. In this study, the field-cycling behavior of HZO 

with RuO2 electrodes is investigated using polarization, pyroelectric, area detector 

microdiffraction, permittivity, and leakage current measurements. 
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7.2 Abstract 

 The mechanisms leading to wake-up and fatigue in ferroelectric hafnium zirconium oxide 

thin film devices with symmetric RuO2 electrodes are investigated via polarization, relative 

permittivity, dielectric nonlinearity, pyroelectric coefficient, and microfocus X-ray diffraction 

(XRD) measurements. The devices are observed to wake-up for up to 103 bipolar pulsed field 

cycles, after which fatigue occurs with the polarization approaching zero following 108 cycles. 

Wake-up is accompanied by a decrease in both high-field permittivity and hysteresis loop pinching 

and an increase in pyroelectric coefficient, indicating that the wake-up process involves a 

combination of transformations from the tetragonal to the orthorhombic phase and domain 

depinning from defect redistribution. Fatigue is observed to coincide with an increase in 

irreversible domain wall motion and a decrease in pyroelectric coefficient. Finite pyroelectric 

coefficients are measured on fully fatigued devices, indicating that domain pinning is a strong 

contributor to fatigue and that fatigued devices contain domain structures that are unable to switch 

under the fields applied for measurement. Microfocus XRD patterns measured on each device 

reveal that the phase constitution is qualitatively unaffected by the field cycling and resultant 

polarization fatigue. This data indicates that the wake-up process has contributions from both 

phase transformations and domain depinning, whereas the fatigue process is driven primarily by 

domain pinning, and the near-zero measured switchable polarization is actually a poled device 

with immobile domains. These observations provide insight into the physical changes occurring 

during field cycling of HfO2-based ferroelectrics while examining a possible oxide electrode 

material for silicon CMOS device implementation. 

7.3 Introduction 

 The first report of ferroelectricity in HfO2-based thin films in 20111 generated interest for 

implementation of this scalable105,290 and silicon compatible75,77 material for device applications, 

including ferroelectric random access memory,2,229 energy harvesting,291 non-linear optics,82,269 

infrared sensing,149,222,223 and negative differential capacitance field effect transistors.292,293 The 

ferroelectric properties of this system have been attributed to a metastable, space group Pca21 

orthorhombic phase,87,92 which is stabilized with respect to the room-temperature equilibrium, 
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linear dielectric P21/c monoclinic and high-temperature, field-induced ferroelectric P42/nmc 

tetragonal phases with doping,3,124,126 reduced oxygen content,110,111 presence of biaxial 

stress,115,116 and utilization of sub-30 nm film thicknesses.98,104 Of the many HfO2-based 

ferroelectric dopants, zirconium oxide has been identified as an alloying material (HfxZr1-xO2, 

HZO) that stabilizes the orthorhombic phase through nearly the entire composition window3,130 

and reduces the thermal budget required for its formation compared to many other doped HfO2 

compositions,142 and so has received significant attention.3,105,130,249 

 Investigations of the ferroelectric and field cycling properties of HfO2-based thin films, 

including HZO, most commonly incorporate binary nitride electrode materials, including 

TiN1,151,294 and TaN,117 into metal-insulator-metal (MIM) device structures. These electrodes have 

been reported to induce tensile biaxial stress124,125,283 within and scavenge oxygen from the 

adjacent HfO2-based ferroelectric layer,155,295 resulting in stabilization of the orthorhombic phase. 

With initial electric field cycling of these MIM devices above their coercive field, redistribution 

of oxygen vacancies within the ferroelectric layer has been reported to unpin ferroelectric 

domains164,171,175,179 and drive a transformation from the tetragonal phase to the orthorhombic 

phase,154,296 both of which result in an increased remanent polarization (Pr) and wake-up. With 

extended field cycling, domain pinning due to defect generation within the ferroelectric layer171,172 

and transformations from the tetragonal and orthorhombic phases to the monoclinic phase296 cause 

a reduction in Pr and fatigue. Further field cycling often results in increasing defect concentration 

and the formation of conductive paths between the electrodes, causing dielectric breakdown.165 

 The field cycling behavior of ferroelectric hafnia has been observed to vary depending 

upon the utilized electrode material. A direct comparison between TiN and TaN electrodes, and 

various combinations thereof, observed that utilization of TaN electrodes yielded films that only 

woke up with field cycling and did not fatigue.117 Devices with TaN electrodes also maintained 

higher Pr; however, they experienced a reduction in cycles-to-breakdown. The same study found 

that TiN electrodes, alternatively, increased the number of cycles-to-breakdown and yielded 

devices that both woke up and fatigued. These differences in field cycling behavior have been 

attributed to differences in oxygen vacancy concentration within the ferroelectric layers due to 

oxygen scavenging by the neighboring electrodes,155,156 providing the potential for control of the 

wake-up, fatigue, and breakdown behavior via electrode engineering. 



159 

 

 Beyond binary nitrides, conductive oxide electrodes, such as RuO2
162,240,297 and IrO2,

160,161 

have been explored for ferroelectric HfO2-based thin film applications. These and other conductive 

oxide electrode materials were experimentally shown to yield fatigue performance superior to 

noble metal electrodes in perovskite ferroelectrics, such as Pb(Zr,Ti)O3, with the improvements 

attributed to a reduction of defect-driven domain pinning.35,36,183,237,238 It was concluded that a large 

contributor to fatigue was an interfacial buildup of oxygen vacancies, which migrate to the 

ferroelectric/electrode interfaces during field cycling. Utilization of conductive oxide electrodes 

aided in mitigating this vacancy buildup by allowing oxygen vacancies to cross the 

ferroelectric/electrode interface, thus improving the fatigue performance.21 

 To date, investigations evaluating hafnia-based ferroelectrics with IrO2 and RuO2 

electrodes have reported that the fatigue performance is not improved compared to more widely 

utilized TiN and TaN electrodes.160,161,240,297 Reports of fatigue performance of HZO with 

symmetric IrO2 electrodes observed 107 cycles to breakdown and fatigue onset after only 105 

cycles, with low measured remanent polarizations (~5 µC cm-2).160,161 An investigation of 

asymmetric TiN/HZO/RuO2 devices observed polarization fatigue following 105 cycles, low 

endurance (~107 cycles to breakdown), and low remanent polarizations (~5 µC cm-2), all of which 

were attributed to a reduction of the RuO2 top electrode to metallic ruthenium during processing 

due to the TiN bottom electrode.240 A more recent work examining HZO with symmetric RuO2 

electrodes reported remanent polarizations of 15 µC cm-2 and with consistent wake-up during field 

cycling.162 This work indicated that RuO2 may be an advantageous oxide electrode for devices 

compared to IrO2 owing to the larger reported Pr values and apparent lack of fatigue. This study 

did not report the utilized field cycling waveforms or procedure, but showed 108 cycles-to-

breakdown. In contrast to these reports of devices with symmetric and asymmetric oxide 

electrodes, symmetric TiN electrode devices have been shown to yield HZO devices that 

demonstrate a higher cycles-to-breakdown of ~1010, and maintain modest remanent polarizations 

of ~8-10 µC cm-2.135 

 In this study, the mechanisms leading to fatigue in symmetric RuO2/ HZO/RuO2 devices 

cycled with 50% duty cycle, 10 kHz, 2.0 MV cm-1 bipolar pulses are investigated. Polarization, 

switching current, relative permittivity, dielectric nonlinearity, and leakage current measurements 

are used in conjunction with pyroelectric measurements and area detector X-ray diffraction (XRD) 
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analyses to elucidate how the phase constitution and domain dynamics evolve within the 

ferroelectric layer with field cycling and wake-up/fatigue. Understanding the mechanisms leading 

to the low remanent polarizations and cycles-to-breakdown reported for HZO between conductive 

oxide electrodes may facilitate the development of electrode materials that balance the 

requirements for ferroelectric layer oxygen content and oxygen vacancy driven degradation 

mitigation. 

7.4 Experimental Procedures 

 RuO2/HZO/RuO2 devices were prepared with 20 nm-thick HZO films between symmetric 

120 nm thick RuO2 electrodes on silicon substrates at Sandia National Laboratories. The planar 

bottom RuO2 electrode was deposited via pulsed DC reactive sputtering (30 kHz/4 µs reverse time) 

with a power density of 4.6 W cm-2 in a Denton Discovery 550 sputtering system. Following 

bottom electrode deposition, HZO with a targeted composition of Hf0.5Zr0.5O2 was deposited via 

thermal atomic layer deposition at a temperature of 150 °C within an Ultratech Savannah 

instrument utilizing tetrakis(dimethylamino)hafnium (TDMA HF, at 75 °C) and 

tetrakis(dimethylamino)zirconium (TDMA Zr, at 75 °C) as hafnium and zirconium precursors, 

respectively, and H2O as an oxidant. Due to per-cycle growth rate differences between HfO2 and 

ZrO2, the 5:5 super-cycle ratio resulted in a final film composition of Hf0.58Zr0.42O2.
149 After HZO 

growth, planar RuO2 electrodes were deposited to a thickness of 120 nm utilizing the same 

conditions as used for the bottom electrode. After top electrode deposition, samples were rapid 

thermal annealed in a Surface Science Integration Solaris 150 instrument at 600 °C for 30 seconds 

in a N2 atmosphere. Following annealing, samples meant for pyroelectric current and XRD 

measurements received 1000 µm-diameter platinum contacts through a shadow mask, whereas 

samples meant for electrical characterization received 100 µm-diameter photolithographically 

defined platinum contacts. After contact deposition, the RuO2 top electrodes were reactive ion 

etched to isolate discreet devices for characterization, utilizing the platinum contacts as a hard 

mask. 

 Electrical characterization, including polarization-electric field hysteresis loop (P(E)), 

switching current, and positive-up negative-down (PUND) pulsed polarization measurements, was 

carried out using a Radiant Technologies Precision LC II instrument. Nested P(E) 
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(1.0 – 2.5 MV cm-1 maximum fields) and switching current (2.5 MV cm-1 maximum field) 

measurements were performed with a period of 1 ms, whereas nested PUND (1.0 – 2.5 MV cm-1 

maximum fields) measurements were performed with a pulse width of 1 ms and pulse delay of 

100 ms. Dielectric nonlinearity (Rayleigh) and capacitance-voltage (CV) measurements were 

completed with a Keysight E4980A Precision LCR Meter. A 0.05 V, 10 kHz oscillator was utilized 

for CV measurements, while Rayleigh measurements were performed at 10 kHz with an oscillator 

amplitude ranging from 0.001 MV cm-1 to 0.09 MV cm-1. CV measurements were conducted 

between ± 2.5 MV cm-1 with a step size of 0.05 MV cm-1. Leakage currents were measured 

from -2.5 MV cm-1 to 2.5 MV cm-1 with a step size of 0.05 MV cm-1 using a Keysight B2901A 

Precision Source Measure Unit. Pyroelectric coefficients were measured using the technique 

described by Sharp and Garn226 by measuring pyroelectric current with a Keithley 6514 

Electrometer while oscillating the device temperature using a Peltier cooler (TE Technology model 

VT-127-1.0-1.3-71) connected to a Keysight 33500B Waveform Generator, similar to 

measurements described elsewhere.149,185,226 For the temperature oscillation, a 10 V (peak-to-peak) 

sinusoidal 1 mHz waveform was applied to the Peltier cooler, resulting in temperature amplitudes 

of approximately 9 °C. Fatigue cycling was completed with an electric field of 2.0 MV cm-1 at a 

frequency of 10 kHz utilizing a 50% duty cycle waveform with a Keysight 33500B Waveform 

Generator. The fatigue pulses were meant to simulate application-relevant waveform shapes and 

had a rise and fall time of 2 µs and hold time of 300 ms.33 A modified Sawyer-Tower circuit with 

the load capacitor replaced with a 50 Ohm resistor was used to analyze the switching behavior of 

the samples with both the small and large contact diameters to verify that full switching was 

occurring at the 10 kHz pulsing frequency. For this measurement, a Tektronix DPO7254 

Oscilloscope, in series with a 50 Ω resistor, was utilized for signal processing while a Keysight 

33500B Waveform Generator was used for pulse generation. The 10 kHz, 2.0 MV cm-1 50% duty 

cycle square wave pulse shapes (rise and fall time of 1.5 µs) utilized for cycling are shown in 

Figure 7.1(a) and (b), along with the resulting current density across both contact sizes. It is 

evident, based on the voltage profiles reaching ± 4 V and the current densities returning to 0 A cm-2 

after the field is removed in both measurements, that the ferroelectric devices are fully switching 

at 10 kHz regardless of contact size. 
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Figure 7.1. Applied voltage profiles (red, left axis) and resulting current densities (black, right 

axis) measured across devices with (a) 100 µm and (b) 1000 µm diameters. 

 

Grazing incidence XRD (GIXRD) measurements were performed in a parallel beam 

geometry using a Rigaku Smartlab diffractometer utilizing Cu Kα radiation with ω incident angle 

fixed at 0.7°. Microfocused area detector XRD measurements were completed on individually 

field-cycled capacitors using a Bruker D8 Venture diffractometer equipped with an Incoatec IµS 

3.0 Cu Kα radiation source and a Photon III detector with MgO powder adhered to device surfaces 

as a stress-free height alignment standard.283 For these measurements, the ω angle was fixed at 20° 

and a 0.2 mm collimator was utilized to produce a beam footprint diameter of 600 µm on device 

surfaces. 
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7.5 Results and Discussion 

 Based upon the GIXRD pattern measured on the RuO2/HZO/RuO2 sample, shown in 

Figure 1, the processed devices contain predominantly monoclinic phase. The intensity of the 

superimposed (111)/(101) orthorhombic/tetragonal peak, present at 30.3° in 2θ, had a low intensity 

compared to the (111) monoclinic peak at 31.5°. The (1̅11) monoclinic peak, typically indexed at 

28.5°, was not observable due to the presence of an intense (110) RuO2 reflection at 28.1° from 

the 120 nm-thick bottom electrode. Based upon this diffraction pattern, it is apparent that the 

samples contain comparatively more monoclinic phase than films with similar composition and 

processing but with TaN, tungsten, or platinum electrodes.149 The higher amount of monoclinic 

phase for the samples in this study suggests that the HZO has a lower oxygen vacancy 

concentration,110,111 which is likely related to processing with oxide electrodes. 

 

 

Figure 7.2. GIXRD pattern measured on the RuO2/HZO/RuO2 sample with indexing for each peak 

provided above the panel. A logarithmic intensity scale was used owing to the high intensity of 

the RuO2 110 reflection. 
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 Nested P(E) measurements performed on the pristine device and after 5 × 104 field cycles, 

shown in Figure 7.3(a) and (b), respectively, revealed a decrease in loop pinching and increase in 

polarization response consistent with wake-up. All subsequent P(E) measurements revealed 

decreasing polarizations and fatigue. As shown in Figure 7.3(c), the device response appeared as 

a linear dielectric following 107 bipolar pulses. The same trends are evident in the switching 

current. The switching current measured on the pristine device is plotted in Figure 7.3(d) and 

shows two distinct switching peaks that condense to a single peak in the measurement made 

following 5 × 104 cycles (Figure 7.3(e)). This merging of switching current peaks is consistent 

with wake-up.117,161 After this initial wake-up, the switching current decreases with each additional 

field cycling interval until the response approaches that of a linear dielectric. The measurement 

made following 107 cycles, which lacks significant switching current peaks, is shown in Figure 

7.3(f). The coercive fields (Ec) from hysteresis and switching current measurements are shown in 

Figure 7.4. The values were observed to increase from 0.65/-0.40 MV cm-1 to 1.12/-0.87 MV cm-1 

following initial hysteresis de-pinching. The values then remained relatively constant until 105 

cycles, at which point they decreased throughout the fatigue process to 0 MV cm-1. The low 

polarizations and switching currents are consistent with the GIXRD phase analysis and indicate 

that the films contain substantial fractions of the non-ferroelectric monoclinic phase. Regardless, 

the electrical responses indicate that these devices wake-up with 104 bipolar pulses, fatigue with 

subsequent field cycling, and yield well-saturating polarization and switching current responses 

irrespective of field cycling progress. 
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Figure 7.3. Nested polarization hysteresis measurements made following (a) 0, (b) 50,000, and (c) 

10,000,000 cycles. Current loop measurements made following (d) 0, (e) 50,000, (f) 10,000,000 

cycles. 

 

 

Figure 7.4. Coercive fields extracted from hysteresis measurements made at each cycling interval. 
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 Wake-up and fatigue are also evident in the change in the switchable polarization (Psw) 

with cycling, as assessed from PUND measurements and shown in Figure 7.5. The initial Psw of 

4.26 µC cm-2 increased to 6.38 µC cm-2 with wake-up through the first 103 cycles and then 

decreased to 0.14 µC cm-2 following 108 cycles during fatigue. The switchable polarization 

quantity characterizes the difference in polarization magnitude between the up-poled and down-

poled states. Thus, while the switchable polarization decreases with field cycling, the PUND 

measurement does not necessarily indicate a lack of polar material, domain structure, or the 

orientation of any domain structure that is unable to switch under the fields applied for 

measurement. The magnitudes of these Psw values are consistent with previous reports which 

examined HZO with symmetric IrO2 electrodes,160,161 and lower than investigations of HZO MIM 

devices with TiN and TaN electrodes. These values are also lower than values reported in the other 

recent study examining symmetric RuO2 electrodes,162 which may be related to the 20 nm HZO 

thickness utilized for this study, as thinner films typically contain more of the ferroelectric 

orthorhombic phase.104 In contrast to the devices with IrO2 electrodes that began to fatigue 

following 105 cycles, the fatigue in these RuO2 devices began after 103 cycles, and they did not 

suffer dielectric breakdown after the switchable polarization became zero following 108 cycles. 

 

 

Figure 7.5. Switchable polarization quantified from PUND measurements as a function of the 

number of 50% duty cycle, 2.0 MV cm-1, 10 kHz bipolar pulses. 
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 While the decrease in Psw reveals that the concentration of switchable domains decreases 

during fatigue, the mechanism by which this decrease is occurring is not evident based on field 

cycling-resolved P(E), switching current, and PUND measurements. Analyses of CV and Rayleigh 

measurements provide insight into the mechanism. CV data is shown in Figure 7.6(a). Similar to 

the switchable polarizations, the relative permittivity maxima at the coercive fields also reveal a 

decrease in magnitude, and the behavior appears more consistent with a linear dielectric response 

following 108 cycles. The high-field permittivities extracted from the CV profiles are plotted in 

Figure 7.6(b) and reveal a decrease from 21.1 to 21.0 through 104 cycles during wake-up. The 

magnitude of these permittivities is lower than those reported in investigations utilizing TiN,135 

TaN,283 and IrO2
161 electrodes and is likely related to the high content of monoclinic phase in these 

samples. The decrease in high-field permittivity with wake-up is suggestive of a phase 

transformation from the tetragonal to the orthorhombic phase, as has been observed using 

synchrotron XRD measurements of W/HZO/W and TaN/HZO/TaN devices296 and TEM analyses 

of field cycled Gd-doped HfO2 with TiN electrodes,154 respectively. However, this decrease is 

likely too small to completely account for the entire increase in Psw of 153% with field cycling, 

indicating that domain depinning processes, widely observed during initial cycling of HfO2-based 

ferroelectrics,172,175 are also contributing to the observed wake-up. After decreasing during wake-

up, the high-field relative permittivity is observed to increase during fatigue, from 21.0 to 21.1. By 

comparison, the same investigations, which examined field cycling of HZO (with Pt electrodes)296 

and Gd-doped HfO2 (with TiN electrodes)154 reported decreases in permittivity magnitude of 

approximately 3-5 throughout the fatigue process. In the case of the HZO with Pt electrodes, as 

discussed in Chapter 4, it was determined from combined microdiffraction and electrical analysis 

that a phase transformation from the orthorhombic and tetragonal phases to the monoclinic phase 

accompanied the polarization fatigue,296 whereas in the Gd-doped HfO2 investigation with TiN 

electrodes, it was concluded that an increase in oxygen vacancy concentration resulted in domain 

pinning.154 While the polarization decreases similarly in the Pt/HZO/Pt, TiN/Gd-doped HfO2/TiN, 

and RuO2/HZO/RuO2 devices during fatigue, the permittivity behavior is different. Polarization 

fatigue in devices with noble metal and binary nitride electrodes coincides with a decrease in 

permittivity, while the fatigue coincides with a permittivity increase in these devices with RuO2 

electrodes. This difference in permittivity behavior indicates that the fatigue mechanisms in 

devices with oxide electrodes may be different than in devices with binary nitride or noble metal 
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electrodes. The minimal permittivity change with fatigue, particularly in comparison to the 

Pt/HZO/Pt investigation, is also evidence that the phase constitution is not substantially changing 

with field cycling in these devices with RuO2 electrodes. 

 

 

Figure 7.6. (a) Relative permittivity (lines, left axis) and loss (open circles, right axis) measured 

versus applied DC field at intervals between 0 and 108 field cycles, with number of cycles indicated 

by the color bar above the panel. (b) Relative permittivity measured at + 2.5 MV cm-1 (closed 

circles) and - 2.5 MV cm-1 (open circles) at intervals between 0 and 108 bipolar waves. 
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 Figure 7.7(a) shows dielectric nonlinearity measurements that also reflect this decrease in 

permittivity magnitude and provide further insight into the mechanisms causing the polarization 

fatigue. The reversible Rayleigh coefficient values (init), extracted at the threshold AC field 

(~0.02 MV cm-1), are plotted in Figure 7.7(b). init was observed to remain effectively constant at 

20.95 through the first 104 bipolar pulses and then decrease, coinciding with the start of the 

polarization fatigue, to 20.75. Given that phase transformations were not obviously observed in 

the high DC field relative permittivities, the decrease in init at the onset of fatigue is evidence that 

the domain boundaries move less freely as fatigue progresses. Figure 7.7(b) shows the irreversible 

Rayleigh coefficient (α’) with field cycling. The irreversible Rayleigh coefficient can characterize 

the energetic barrier landscape encountered by domain boundaries as they traverse the ferroelectric 

film under an AC field below the coercive field.242 Larger α’ values are indicative of higher 

irreversible contributions to domain wall movement, which is consistent with increased domain 

wall pinning.298 In these devices, α’ was observed to increase from 0.40 to 0.70 cm MV-1 through 

field cycling; once again, a notable increase is observed at 104 cycles. Thus, the increase in α’ 

coincides with the onset of fatigue observed in Psw, P(E), switching current, and high field 

permittivity measurements and is evidence that the energy landscape for domain wall motion is 

being altered at the same time that the switchable polarization decreases. Between 107 and 108 

cycles, α’ then decreased from 0.70 to 0.65 cm MV-1, which may be related to increased energy 

barriers for domain movement as the final steps of fatigue are approached. 
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Figure 7.7. (a) Relative permittivity (left axis) and loss tangent (right axis) as a function of AC 

oscillator level measured at various intervals of bipolar waves, as indicated by the color bar above 

the plot. (b) Reversible Rayleigh coefficient, init, (left axis, closed points) and irreversible 

Rayleigh coefficient, ’, (right axis, open points) measured at various cycling intervals. 

 

 Despite the diminished switchable polarizations in the highly fatigued devices, the 

presence of a finite α’ value is indicative that a domain structure remains within the ferroelectric 

layer. Given that PUND measurements can only evaluate the amount of switchable polarization, 

and do not indicate the degree to which or direction in which poled, but unswitchable domains 

exists in the film, pyroelectric coefficient measurements were made on devices cycled at each 

interval to further examine the evolution of polarization magnitude with field cycling. Pyroelectric 

measurements were made after initial poling/cycling and after 500 hours at rest to minimize 

possible contributions from electret effects.185 The phase differences between the sinusoidal 
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current and temperature signals were fit to be -90 ± 3°, indicating that the current contributions 

were solely from crystallographic dipoles. The pyroelectric current generated by the initially poled 

device (i.e., after only a single PUND measurement and no fatigue cycling) is shown in Figure 

7.8(a). A current density amplitude of 3.7 × 10-10 A cm-2 was measured while the temperature 

oscillated with an amplitude of 9 °C. With 104 cycles and wake-up, the current density amplitude 

remained approximately the same, as shown in Figure 7.8(b). Following 107 cycles and fatigue the 

current density amplitude decreased to 2.2 × 10-10 A cm-2, as shown in Figure 7.8(c). Based on an 

analysis of the phase difference between the pyroelectric current and temperature, it was 

determined that the devices are poled in an up orientation during each measurement (i.e., the 

positive end of the dipole is oriented toward the top electrode), which is consistent with sequence 

and polarity of PUND pulses utilized to measure the devices prior to pyroelectric current 

measurement. 

 

 

Figure 7.8. Pyroelectric current (light red, left axis) and temperature oscillation (light grey, right 

axis) and associated sinusoidal fits (dark red and black, respectively) measured on devices cycled 

with (a) 1, (b) 50,000, and (c) 10,000,000 bipolar pulses. 

 

 Given that the device that had been cycled with 107 waves was measured to have a 

significantly reduced Psw of 0.62 µC cm-2, the presence of a measurable pyroelectric current is 

evidence that a poled domain structure remains in the HZO layer in spite of the severe fatigue. It 

is hypothesized that the decrease in pyroelectric current with field cycling is due to the presence 
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of domains that are pinned in the poled-down direction and thus provide a current oscillation that 

partially cancels the response of the majority poled-up domains. Some decrease in the pyroelectric 

current could also be attributed to field-cycling related phase transformations from the 

orthorhombic to monoclinic phases, although this is not supported by the increasing high-field 

relative permittivity coinciding with fatigue. Thus, given that the pyroelectric current decreases 

with field cycling, but does not disappear completely, it is evident that domain pinning is a major 

contributor to the polarization decrease, and a domain structure persists in the device following 

complete fatigue. The derived pyroelectric coefficients are shown in Figure 7.9 along with the Psw 

measured on each individual device. It is apparent that the 1000 µm-diameter devices on which 

pyroelectric measurements were performed have similar fatigue behavior to the 100 µm-diameter 

devices used for the previous electrical measurements. The pyroelectric coefficient was initially 

measured to be -11.5 µC m-2K-1. This value is  consistent with previous measurements of the HZO 

system with sizable fractions of the monoclinic phase.149 Upon wake-up the pyroelectric 

coefficient increased to -13.2 µC m-2K-1 and then decreased to -7.0 µC m-2K-1 through 108 cycles 

during fatigue. The fatigued pyroelectric coefficient represents a decrease of 39% from the initial 

value, while Psw decreased by 95% for these devices. 

 

 

Figure 7.9. Pyroelectric coefficients (closed circles, left axis) and switchable polarizations (open 

circles, right axis) measured on devices cycled with various intervals of bipolar pulses. 
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 To corroborate that the phases and phase fractions present within the RuO2/HZO/RuO2 

structures remain essentially unchanged by fatigue, X-ray microdiffraction data were collected 

with an area detector on devices cycled with each interval of bipolar pulses. An example detector 

frame and unwarped 2D pattern are shown in Figure 7.10 for the singly poled device. Debye-

Scherrer rings, which correspond to the RuO2 electrodes, HZO layer, platinum contact, and MgO 

powder height alignment standard were present in each pattern. Each area detector pattern was 

integrated through all captured γ angles to produce 1D diffraction patterns295 for devices pulsed at 

each cycling interval, as shown in Figure 7.11. Owing to the constrained beam footprint necessary 

to characterize the individual devices, the integrated counts for each pattern were too low to 

effectively fit and compare peak positions and intensities. Regardless, peaks corresponding to the 

superimposed (111) orthorhombic/(101) tetragonal and (111) monoclinic HZO reflections were 

indexed at 30.3° and 31.4°, respectively, while (110), (011), and (200) RuO2 reflections were 

indexed at 28.1°, 35.2°, and 39.7°, respectively. A (111) MgO reflection, which was used for 

sample alignment, was indexed at 36.9°. All angles refer to the 2θ axis. Given the low integrated 

intensities and the presence of the intense (110) RuO2 reflection overlapping the (1̅11) monoclinic 

HZO peak, quantitative phase fraction evaluations295,296 were not possible. However, peaks 

consistent with all three HZO phases were observed regardless of the number of field cycles, and 

the relative intensity ratios of the (111) orthorhombic/(101) tetragonal to (111) monoclinic peaks 

appear to be qualitatively similar for each device. Thus, diffraction patterns indicate that the 

orthorhombic phase is likely present in the highly fatigued samples and its volume fraction is 

qualitatively consistent regardless of state of wake-up or fatigue. Further, the strong pyroelectric 

response in the fatigued devices is evidence that the orthorhombic phase remained present. 

 



174 

 

 

Figure 7.10. (a) Raw detector frame and (b) unwarped diffraction pattern measured on a singly 

poled device. Note that the intensities of the orthorhombic/tetragonal and monoclinic HZO peaks 

are too low to be easily discerned in the area detector pattern. 

 

 

Figure 7.11. Diffraction patterns integrated from area detector patterns collected via microfocus 

XRD on individual devices following various intervals of bipolar waves, as indicated by the color 

bar on the right. Peak indices are provided above the plot and identified above the panel. A 

logarithmic intensity scale was used to increase the visibility of HZO peaks. 
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 While domain pinning was found to be responsible for the observed polarization fatigue in 

these devices, the cause of the pinning was not revealed by polarization, relative permittivity, 

pyroelectric, or diffraction measurements. An increase in the number of point defects, which are 

known to be pinning centers for ferroelectric domains,299 could be responsible for the observed 

increase in irreversible domain wall motion and polarization fatigue. Leakage current 

measurements have previously been utilized to estimate defect concentrations in other 

investigations111,122 where the measured current is associated with trap-assisted tunneling 

occurring due to the presence of point defects. Larger leakage currents have been attributed to high 

defect concentrations.173  Leakage current profiles measured following each field cycling interval 

on the HZO devices with RuO2 electrodes are shown in Figure 7.12(a). Throughout the first 105 

cycles, the leakage currents remain effectively at the noise level of the instrumentation, 

10-7 A cm-2. Following 105 cycles, however, the measured leakage currents increase, with a 

maximum measured at ~10-3 A cm-2 following 108 cycles and complete polarization fatigue. This 

trend is shown in Figure 7.12(b), in which the leakage current magnitudes at ± 2.5 MV cm-1 are 

plotted. The beginning of fatigue and the increase in irreversible domain wall motion coincide with 

an increase in leakage current, indicating that the increased energy barriers for domain motion may 

be caused by electrically active point defects. The specific chemistry of these point defects is not 

directly evident based upon the leakage current measurements. While the generation of oxygen 

vacancies is known to occur due to field cycling in HfO2-based ferroelectrics,171 the likelihood of 

these point defects remaining within the 20 nm-thick, fast-oxygen-ion conducting HZO layer275 

during field cycling is low given the conductive RuO2 electrodes, which have been observed to 

mitigate interfacial oxygen vacancy buildup in other systems.36 In tandem, the investigation of the 

fatigue behavior of HZO with an oxygen-blocking electrode, Pt, revealed that a phase 

transformation due to field cycling was causing the polarization decrease in the Pt/HZO/Pt 

devices.296 Such a phase transformation was not observed in high-field relative permittivity or 

diffraction measurements in these devices. Furthermore, these devices were not observed to break 

down even after extensive cycling. These observations support the notion that oxygen vacancies, 

and their accumulation, may not be the point defects predominantly causing the polarization 

fatigue. Alternatively, electron accumulation at domain walls, known to both occur in and cause 

conduction in conventional perovskite oxide ferroelectrics,300,301 may be responsible for the 

fatigue. Electron trapping at domain walls has been reported as a contributor to domain pinning 
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and fatigue in HfO2-based ferroelectrics127 via examination of activation energies for polarization 

regeneration, and is more likely to be causing the fatigue in these RuO2/HZO/RuO2 devices. While 

the exact nature of the accumulating defects can only be inferred based upon the electrode 

materials, a clear pyroelectric response was measured in devices that have near-zero switchable 

polarization. This data suggests that the devices maintain a spontaneous polarization, but that 

polarization cannot be switched due to domain pinning or domain seed nucleation inhibition. 

 

 

Figure 7.12. (a) Leakage current profiles measured on devices cycled at various intervals, as 

indicated by the color bar at the top of the panel. (b) Leakage current densities at ± 2.5 MV cm-1 

extracted from leakage current profiles as a function of the number of field cycles. 
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7.6 Conclusions 

 In conclusion, the field cycling behavior and mechanisms leading to observed polarization 

wake-up and fatigue in RuO2/HZO/RuO2 ferroelectric devices have been investigated. Utilizing 

50% duty cycle, 10 kHz, 2.0 MV cm-1 bipolar pulses, polarization wake-up, from Psw = 

4.26 µC cm-1 to 6.38 µC cm-1, was observed through 103 cycles, followed by fatigue to ~0 µC cm-1 

through 108 cycles. Pyroelectric coefficients increased from -11.5 m-2K-1 to -13.2 µC m-2K-1 

during wake-up and then decreased to -7.0 µC m-2K-1 during fatigue through 108 cycles. The 

polarization wake-up, which coincided with a decrease in high field permittivity and increased 

pyroelectric coefficient, was determined to be related to a combination of domain depinning and 

transformations from the tetragonal to the orthorhombic phase, likely due to redistribution of point 

defects or transport of oxygen vacancies into the oxide electrodes. The polarization fatigue was 

shown to coincide with an increase in α’, related to more irreversible domain wall movement. The 

pyroelectric coefficients were observed to decrease from -13.24 µC m-2K-1 to -7.0 µC m-2K-1, 

whereas the switchable polarization decreased to nearly zero. The finite pyroelectric coefficient 

indicates that fully fatigued devices contain an unswitchable domain structure and remained polar. 

The existence of the orthorhombic phase was qualitatively confirmed in devices cycled at each 

interval via microfocused XRD measurements, corroborating that the phase constitution necessary 

for pyroelectric response existed in the highly fatigued devices. Thus, domain pinning appears to 

be a significant factor in the fatigue of these RuO2/HZO/RuO2 devices. These observations reveal 

the origin of switchable polarization changes in HZO with RuO2 electrodes due to field cycling 

while evaluating this electrode material for next-generation ferroelectric device implementation 

into silicon CMOS technology. 
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The body of text of this chapter has been adapted to include the supplemental information and 

figures, where appropriate. 

8.1 Motivation 

 Aside from affecting film oxygen content and field-cycling behavior, electrodes have also 

been reported to affect the stress state of processed HfO2-based thin films and devices. Widely, 

the stress from mechanical confinement due to the top electrode is credited with enhanced 

stabilization of the orthorhombic phase during thermal processing, commonly referred to as the 

‘Clamping Effect.’ Employing chemical, electrical, and structural analyses outlined in Chapters 4 

– 7, the effects of the top electrode on the phases present following annealing of HfO2-based films 

are investigated in this chapter. These techniques are employed to arrive at a mechanistic 

understanding of the clamping effect. 



180 

 

8.2 Abstract 

 The ‘Clamping Effect,’ frequently harnessed to enhance metastable ferroelectric 

orthorhombic phase fractions in HfO2-based thin films, is typically ascribed to mechanical stress 

imparted on the film by annealing with a top electrode in place. However, a number of other 

important characteristics, including oxygen vacancy content and grain size, are electrode 

dependent and have also been shown to affect the phases present in the film following processing. 

In this work, the physical mechanisms driving the stabilization of the orthorhombic phase by the 

clamping effect in 20 nm-thick HZO films with TaN electrodes are investigated using chemical, 

structural, and stress measurements of samples processed with and without top electrodes, and 

which had the top electrode removed following processing. It is shown that the top electrode has 

a strong effect on the phases present and polarization responses of prepared films, but that these 

effects are not a result of differences in defect concentration, oxygen content, grain size, degree of 

densification, or crystallization temperature. Instead, the magnitudes biaxial stresses following 

processing are strongly different, as assessed using both sin2(ψ) analyses and measurements of 

wafer flexure before and after processing. Using these stress measurement techniques in concert 

with top electrode removal experiments, it is shown that strains at the interface between the top 

electrode and ferroelectric layer can play a large role in the orthorhombic phase stabilization. 

8.3 Introduction 

 HfO2-based thin films have witnessed research and development for non-volatile 

memory,2,232,245 negative differential capacitance field-effect transistor,230,247 nonlinear optics,82 

and energy harvesting149,185 applications following first reporting of their stable polarization 

hysteresis properties in thin films in 2011.1 These properties have since been attributed to a 

metastable ferroelectric Pca21 orthorhombic phase,1,87,92 which has been observed to have a 

coercive field of ~1.1 MV cm-1 302 and calculated to have a theoretical spontaneous polarization of 

~50 µC cm-2.87 This polar ferroelectric phase has been observed to be stabilized relative to the 

bulk, room temperature linear dielectric P21/c monoclinic and high-temperature, field-induced 

ferroelectric P42/nmc tetragonal phases through processing to produce small grain sizes,90,99 

inclusion of a variety of dopants,1,3,124,303 imparting of biaxial stress,115,116 and incorporation of 



181 

 

point defects.111,117,122 Alloying with ZrO2 (Hf1-xZrxO2, HZO), in particular, has been observed to 

yield a stable ferroelectric response through nearly the entire composition window 

(0.0 < x < 0.8).3,149,195 The HZO material system is particularly attractive for device technologies 

owing to the scalability of the ferroelectric properties,105,290 chemical compatibility of both HfO2 

and ZrO2 with silicon,75,77 and the presence of mature atomic layer deposition (ALD) processes in 

current fabrication facilities. 

 Since the first reports of ferroelectricity in HfO2-based thin films, the presence of a capping 

layer, deposited on top of the dielectric before annealing, has been observed to enhance the 

resultant measured polarization response and orthorhombic phase fractions.1,100 Early 

investigations of the top electrode-dependent polarization behavior suggested that the mechanical 

clamping from the top electrode, typically a metallic binary nitride such as TiN or TaN,117 was 

absolutely necessary to stabilize the orthorhombic phase.100,116,170 Subsequent investigations have 

since demonstrated stable ferroelectric polarization in thin films annealed without a capping top 

electrode.138,303,304 Regardless, superior polarization performance and orthorhombic phase 

fractions are widely observed when HZO devices are processed with a top electrode in place,151 

with similar observations made for the Al and Y-doped HfO2 thin film systems.128,303 Such results 

associate the improved polarization response with the suppression of the transformation from the 

high temperature tetragonal phase to the room temperature monoclinic phase upon cooling from 

the crystallization temperature, yielding instead the orthorhombic phase due to mechanical 

confinement.170  

 The presence of the top electrode during annealing and resulting confinement may be 

anticipated to vary the stress state of the underlying dielectric layer.305 Computational works have 

predicted enhanced orthorhombic phase stability due to biaxial and hydrostatic compressive 

stresses owing to a volumetric constriction during transformation from the high-temperature 

tetragonal to the room-temperature monoclinic phases.87,96 Additionally, experimental works have 

demonstrated that biaxial tensile stresses yield domain structures which orient the short, polar 

c-axis perpendicular to the film surface, resulting in higher measured polarizations.115,116,125 Thus, 

in HfO2-based thin film systems, the ultimate effect of the imparted stress is a balance between the 

stabilization of the orthorhombic phase relative to the tetragonal and monoclinic phases and the 

orientation of the resulting domain structure. 
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 While biaxial stresses imparted due to mechanical clamping are most commonly credited 

with impacting both the relative stability of the ferroelectric phase and the resulting domain 

structure within ferroelectric HZO thin films,3,170 experimental works have also observed changes 

in grain size and microstructure associated with the presence of the top electrode.306 Given that 

small grain sizes are widely observed to facilitate orthorhombic phase stabilization,96 examination 

of composition and thickness-varied HZO devices have shown smaller grain sizes and higher 

polarizations in films thinner than 20 nm.97 While, within this investigation, it was concluded that 

the presence of the top electrode did not influence the grain size of ~9.1 nm-thick HZO films, the 

effects of the top electrode presence during annealing on the grain size of the thicker films was not 

examined. In tandem, a separate study, which made atomic force microscopy (AFM) 

measurements of 4 nm-thick HfO2 films, annealed with and without a TiN top electrode, reported 

that the presence of the top electrode resulted in smaller grain sizes and lower surface roughness. 

However, the annealing conditions selected in this referenced study, 400 °C in N2 for 30 minutes, 

were widely different from the rapid thermal anneals typically utilized in processing of HfO2-based 

ferroelectrics.306 A more recent transmission electron backscatter diffraction (transmission-EBSD) 

investigation101 of the phases present within a 10 nm-thick HZO film between TiN electrodes 

revealed large contents of the orthorhombic phase throughout the 10 - 50 nm equivalent diameter 

grain size distribution, with measurable quantities of the monoclinic phase present in grains with 

equivalent diameters in excess of 25 nm, confirming the influence of grain size on the phase 

constitution. Aside from effects of mechanical confinement-related stress and grain size 

distribution alteration due processing of the HZO with a top electrode, important chemical 

interactions between binary nitride electrodes and adjacent HZO layers155,156,158,295 have also been 

identified which may affect the polarization response. 

  Oxygen vacancy content has been theoretically predicted90 and experimentally 

demonstrated110,111 to be an important factor in orthorhombic phase stabilization and resultant 

polarization response in HfO2-based thin films. As such, deposition methods in which the ozone 

pulse length during ALD,111,119 or oxygen flow during sputtering deposition,103,110 have been 

optimized to yield large oxygen vacancy concentrations within the ferroelectric layers. Separate 

from ferroelectric layer deposition process optimization, interactions between these films and 

adjacent binary nitride electrodes have also been shown to affect the oxygen vacancy content and 

resultant polarization response.295 Such electrode materials have been observed, using X-ray 
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photoelectron spectroscopy (XPS),  to form oxynitride interlayers119,155,295 at the 

electrode/dielectric interfaces due to scavenging of oxygen from the dielectric layer during 

processing.156 This oxygen scavenging phenomenon has been shown to affect the defect content 

within the ferroelectric layer, and resulting phase constitution and polarization magnitude.295 Thus, 

while the orthorhombic phase stabilization from the capping layer is typically attributed to 

imparted biaxial stress, chemical and microstructural interactions between the top electrode layer 

and the HfO2-based ferroelectric may also contribute to this effect. 

 In this study, the chemical and physical interactions between the TaN top electrode and 

20 nm-thick ferroelectric HZO are investigated electrically and structurally. The phases present 

within the HZO, and their post-processing biaxial stresses are characterized through area detector 

X-ray diffraction (XRD) measurements and sin2(ψ) analyses. These biaxial stress values are 

compared with wafer flexure stress measurements, made after each processing step and during 

annealing, and high-temperature XRD measurements (HTXRD) to investigate how the biaxial 

stress evolves with processing of these HZO ferroelectrics. Separately, the effects of the top 

electrode on the resulting film densification, defect densities, and grain morphology within the 

processed devices are examined through XRR fitting, leakage current measurements, and analysis 

of scanning electron microscopy (SEM) micrographs. Through etching and stressing the top 

electrodes of fully processed devices, the important role of this layer in the stress state and phase 

within the HZO is revealed. 

8.4 Experimental Procedures 

 Sample Preparation Procedures. TaN/HZO/TaN metal-ferroelectric-metal devices were 

prepared on 50.8 mm-diameter, 250 µm-thick, (001)-oriented silicon substrates. The 100 nm-thick 

planar TaN bottom electrodes were deposited via DC sputtering from a sintered TaN target with a 

power density of 3.3 W cm-2 under an argon background pressure of 5 mTorr in a 45° off-axis 

geometry. Hf0.5Zr0.5O2 was next deposited using plasma-enhanced atomic layer deposition 

(PEALD) within an Oxford FlexAL II system at a temperature of 260 °C with 

tetrakis(ethylmethylamido)hafnium (TEMA Hf) and tetrakis(ethylmethylamido)zirconium 

(TEMA Zr) as HfO2 and ZrO2 precursors, respectively, and an oxygen plasma as the oxidant. 

Supercycles comprised of 5 cycles of HfO2 and 5 cycles of ZrO2 were utilized for deposition, 
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which yielded a film composition of Hf0.37Zr0.63O2, measured via X-ray photoelectron 

spectroscopy (XPS) measurements made using a PHI Versaprobe III XPS system. Next, a planar 

20 nm-thick TaN top electrode was deposited using the same conditions as the bottom electrode 

onto a subset of the HZO films. Samples prepared with and without a top electrode were then 

annealed at 600 °C within an Allwin21 AccuThermo 610 Rapid Thermal Processor for 30 seconds 

in a N2 atmosphere. The temperature ramp and cooling rates were 50 and ~2 °C s-1 for this 

procedure, respectively. Following annealing, a subset of samples processed with the top electrode 

received 50 nm-thick palladium contacts, deposited via DC sputtering through a shadow mask. 

After, all samples with top electrodes were subjected to an SC-1 bath (5:1:1 H2O:30% H2O2 in 

H2O:30% NH4OH in H2O) for 45 minutes at 60 °C to remove the blanket top electrode layer. For 

the samples on which palladium was deposited, the contacts acted as a hard mask, yielding isolated 

TaN/HZO/TaN/Pd devices. On the samples that received only the blanket top electrode (which 

was etched following annealing) and samples that received no top electrode, 20 nm-thick TaN top 

electrodes and 50 nm-thick Pd contacts were deposited on to film surfaces through a shadow mask. 

Thus, in total, three sets of samples were prepared, a set that was processed without a top electrode 

(referred to as the ‘No-TE’ set for the remainder of the chapter), a set that was processed with a 

top electrode (referred to as the ‘With-TE’ set for the remainder of the chapter), and a set that was 

processed with a top electrode that was removed and replaced following annealing (referred to as 

the ‘TE-Etched’ set for the remainder of the chapter). 

  Electrical Characterization Procedures. Polarization-electric field (P(E)), positive up 

negative down (PUND), first order reversal curve (FORC), and switching current loop 

measurements were made using a Radiant Technologies Precision LC II Tester. Nested P(E) 

measurements were made with maximum applied fields between 1.0 - 2.5 MV cm-1 with a period 

of 1 ms. Nested PUND measurements were made with maximum applied fields between 

1.0 - 2.5 MV cm-1 with a pulse width 1 ms and a pulse delay of 1000 ms. FORC measurements 

were made between ± 2.5 MV cm-1 with a bias step size of 0.1 MV cm-1, with the analysis 

completed using Matlab R2018a. Current loop measurements were made with a maximum applied 

field of 2.5 MV cm-1 with a 1 ms period. Capacitance-voltage (CV) measurements were carried 

out between ± 2.5 MV cm-1 with a 10 kHz, 50 mV AC oscillator using a Keysight E4980A LCR 

meter. Leakage currents were measured between ± 2.5 MV cm-1 using a Keysight B2901A 
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Precision Source Measure Unit. All measurements were completed before and after 5000 

2.0 MV cm-1 square wave field cycles that were applied at a frequency of 1 kHz. 

 Structural Characterization Procedures. Grazing incidence X-ray diffraction (GIXRD) 

patterns were collected between 26 - 33° in 2θ using a Rigaku SmartLab diffractometer with 

Cu Kα radiation with the ω incident angle fixed at 0.7°. XRR patterns were collected between 0° 

and 5° in 2θ using the same instrument. Area detector X-ray diffraction patterns were collected 

using a Bruker D8 Venture diffractometer equipped with an Incoatec IµS 3.0 Cu Kα radiation 

source and a Photon III detector with ω incident angle fixed at 18°. For the area detector 

measurements, MgO powder was adhered to sample surfaces to act as a stress-free height 

alignment standard. The pyFAI fast azimuthal integration package212 was utilized for area detector 

pattern unwarping, and LIPRAS214 peak fitting software was utilized to fit all area detector line 

intensity profile and GIXRD patterns. XRR patterns were fit using GSAS-II software.252 High-

temperature XRD (HTXRD) measurements were collected in a Bragg-Brentano geometry between 

25 – 600 °C and 26 - 33° in 2θ with 10 °C steps and a continuous 3 °C min-1 temperature ramp 

using a Malvern Panalytical Empyrean diffractometer using Cu Kα radiation, a GaliPIX detector, 

and a Anton Parr HTK 1200N High-Temperature Oven-Chamber. Wafer flexure measurements 

were completed following each processing step utilizing a Bruker DektakXT stylus profilometer. 

Scanning electron microscopy (SEM) measurements were performed with and transmission 

electron microscopy (TEM) foils were prepared using a Thermo Fisher Scientific dual-beam 

Helios UC G4 SEM/FIB. Secondary electron micrographs were captured with a 20 kV accelerating 

voltage and 30 µs dwell time, whereas foil liftouts were completed using a gallium ion beam 

following platinum deposition to protect the sample surface. High-Angle Annular Dark Field 

(HAADF) TEM micrographs and energy dispersive X-ray spectra (TEM-EDS) were captured 

using a Thermo Fisher Scientific Themis Z-STEM operating at 200 kV and equipped with an Ulti-

Monochromator. For additional etching experiments to isolate stress from chemical effects, top 

electrodes were partially and fully removed using a fluorine-based reactive ion etch (RIE) 

procedure in a PlasmaTherm VersaLine inductively coupled plasma etcher. While etching, the 

pressure was held at 10 mTorr, while 40 sccm of SF6 and 10 sccm of argon gases were flowed. A 

1200 W, 2 MHz coil power was utilized and a 13.56 MHz substrate bias of 30 W produced an etch 

rate of 27 nm min-1 for TaN with selectivity against HZO. 
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8.5 Results and Discussion 

 Comparison of Electrical Properties of Prepared Devices. Nested hysteresis (P(E)) 

loops measured on each pristine device, shown in Figure 8.1(a-c), reveal a strong dependence of 

polarization responses on the presence of the top electrode. Devices annealed with top electrodes 

(With-TE, TE-Etched) both exhibit larger polarizations than the No-TE device, which is consistent 

with results reported by other investigators.1,151 Regardless of the presence of the top electrode, all 

polarization responses show saturation, suggesting low leakage current contributions. Comparing 

both samples processed with top electrodes, the hysteresis loops measured on the With-TE device 

are more pinched than those measured on the TE-Etched sample, which is suggestive that it 

contains more antiferroelectric-like tetragonal phase. The remanent polarization values (Pr, 

extracted from PUND measurements) measured on each of these pristine devices confirm this 

trend: the lowest Pr of 8.8 µC cm-2 was measured on the No-TE device, whereas the highest Pr of 

17.5 µC cm-2 was measured on the TE-Etched device and a Pr of 14.1 µC cm-2 was measured on 

the With-TE device that demonstrated pinched P(E) behavior. Analogous P(E) measurements 

performed after 5000 1 kHz, 2.0 MV cm-1 square waves, plotted in Figure 8.1(d-f), show that all 

three devices experienced polarization wake-up. The awoken P(E) responses of devices processed 

with top electrodes similarly reveal larger polarizations than the response of the sample prepared 

without one. However, in contrast to the measurement performed on the pristine device, the P(E) 

response measured on the With-TE device is no longer pinched, and the responses measured on 

the awoken With-TE and TE-Etched devices are nearly identical. The identical polarization 

responses are evidence that the films contain essentially equivalent amounts of the orthorhombic 

phase following wake-up, which occurs in HfO2-based ferroelectrics via oxygen vacancy 

redistribution, resulting in domain depinning172,175 and transformations from the tetragonal to the 

orthorhombic phase.154,296 
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Figure 8.1. Nested P(E) responses measured on pristine (a) With-TE, (b) TE-Etched, and (c) No-

TE devices and awoken (d) With-TE, (e) TE-Etched, and (f) No-TE devices. 

 

 First order reversal curve (FORC) measurements, which have been utilized to characterize 

domain dynamics in HfO2-based ferroelectrics,178,307 were carried out to further examine the 

evolution of the switching behavior between the With-TE, TE-Etched, and No-TE devices. 

Starting at a field of -2.5 MV cm-1, polarization profiles were measured up to a reversal field (α) 

of 2.5 MV cm-1 with a step size of 0.05 MV cm -1. The switching density at each measurement and 

reversal field, ρ(α, 𝛽), was then obtained utilizing Equations 8.1 and 8.2:63 

 

F(α,β) = Pα - Pα→β 8.1 
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ρ(α,β) = - 
∂

2
F(α,β)

∂α∂β
 

8.2 

 

Where 𝐹(𝛼, 𝛽) is the difference between the polarization throughout the reversal sweep of the 

measurement branch (Pα→β) and the polarization at the reversal field for the branch (Pα), and ρ(α,β) 

is the switching density. For the derivative calculations, the data were binned with a width of 

0.05 MV cm-1, which was the step size of the lowest resolution measurement. 

 Measurements completed on the pristine devices are shown in Figure 8.2(a-c). Once again, 

the No-TE device yielded the lowest switching density response, as evidenced by the weakest 

switching peak, while the TE-Etched and With-TE devices yielded stronger switching density 

responses. However, due to the pinching observed in the P(E) response, the With-TE switching 

peak is more diffuse than that measured on the TE-Etched device. The switching peak in the 

pristine With-TE measurement spans 1.0 MV cm-1 in α, which is larger than the switching peak in 

the TE-Etched measurement, which spans 0.5 MV cm-1. Separated switching peaks are evidence 

of multiple coercive fields, which is a characteristic of an antiferroelectric-like polarization 

response.308 Thus, the diffuse switching peak in the With-TE FORC response supports that this 

film contains more tetragonal phase than the TE-Etched film. Equivalent measurements made 

following wake-up, shown in Figure 8.2(d-f), once again confirm that the films undergo wake-up 

with cycling, as evidenced by the sharper, more intense switching density peaks. The With-TE and 

TE-Etched FORC responses measured on cycled devices appear essentially identical and 

demonstrate stronger switching responses than the measurement made on the No-TE film, in 

agreement with hysteresis responses. Thus, electrical responses measured before and after field 

cycling and wake-up confirm that the presence of the top electrode increases the polarization 

response of the resulting device. While the etching process appears to reduce hysteresis loop 

pinching in the pristine state, the awoken With-TE and TE-Etched devices have nearly identical 

polarization and FORC responses. 
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Figure 8.2. FORC measurements made on pristine (a) With-TE, (b) TE-Etched, and (c) No-TE 

samples and on awoken (a) With-TE, (b) TE-Etched, and (c) No-TE samples. 

 

 To further investigate differences in electrical properties between the samples, CV 

measurements were carried out on the pristine and awoken devices, as plotted in Figure 8.3(a-b), 

respectively. Permittivities measured on the pristine devices, plotted in Figure 8.3(a), support that 

all three films all comprise predominantly the tetragonal and orthorhombic phases, as evidenced 

by the values being larger than the 15 – 24 magnitudes typically reported for HZO films with large 

monoclinic phase contents.3,283,309 The With-TE permittivity magnitudes are larger than those 

measured on the TE-Etched and No-TE films, which is indicative of larger contents of the higher 

permittivity tetragonal phase.154 Further, the inhomogeneous switching observed in P(E) loop and 

FORC measurements due to the partially antiferroelectric-like polarization response in the pristine 

With-TE film is also displayed in the pinching present vicinity of the positive coercive field in its 

accompanying CV measurement. Analogous CV measurements made following field cycling, 

plotted in Figure 8.3(b), show a reduction in permittivity magnitudes, which is consistent with 
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polarization wake-up.154,296 Similar to what was observed in the P(E) and FORC polarization 

measurements made following field cycling, the pinching of the CV response in the vicinity of the 

positive coercive field in the pristine With-TE sample does not persist following cycling. However, 

while the P(E) and FORC responses of the With-TE and TE-Etched devices are virtually identical 

following wake-up, the permittivity magnitudes measured for the awoken With-TE film are 1.5 - 3 

higher than the magnitudes measured for the TE-Etched film. The lower permittivity magnitude 

in the TE-Etched film indicates that this film may contain a greater of the lower permittivity 

monoclinic phase than the With-TE film.154 

 

 

Figure 8.3. CV permittivity (left axis, lines) and loss tangent (right axis, open points) made on (a) 

pristine and (b) awoken With-TE (blue), TE-Etched (orange), and (c) No-TE (grey) films. 
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 Analysis of Phase Constitutions. GIXRD patterns measured on fully processed With-TE, 

TE-Etched, and No-TE devices, shown in Figure 8.4, reveal differences in phase constitutions in 

all three samples. The pattern measured on the No-TE film contains peaks at 28.5°, 30.7°, and 

31.7° in 2θ corresponding to the (1̅11) monoclinic (m1), superimposed (101) tetragonal/(111) 

orthorhombic (t + o), and (111) monoclinic (m2) reflections, respectively. The pattern measured 

on the TE-Etched film exhibited a strong t + o peak, a weak m2 peak, and a m1 peak only slightly 

above the background level. The pattern measured on the With-TE film contained a strong t + o 

peak and a m2 peak only slightly above the background level. Integrated intensities for each peak 

were calculated, through fitting of Pearson VII shapes, and compared to estimate the relative 

quantities of the t + o phase in each film using Equation 8.3: 

 

f
t   o

 =  
It + o

It + o + Im1
 + Im2

 
8.3 

 

 Where It + o, Im1
, and Im2

 are the integrated intensities of the t + o, m1, and m2 diffraction 

peaks, respectively, and f
t   o

 is the t + o phase fraction. Using this calculation, quantitative t + o 

phase fractions within each sample can be compared. These fractions were determined to be 

0.98 ± 0.01, 0.90 ± 0.01, and 0.62 ± 0.03 for the With-TE, TE-Etched, and No-TE films, 

respectively. Thus, by comparison, the No-TE film contains less t + o phase than the With-TE and 

TE-Etched films, which supports the trends observed from polarization measurements. Moreover, 

the increase in m1 and m2 intensity between the With-TE and TE-Etched samples, and 

corresponding decrease in f
t   o

, is evidence that the top electrode removal process has increased 

the amount of monoclinic phase in the TE-Etched film. This increase in the amount of monoclinic 

phase due to etching would require a corresponding reduction in the amount of the orthorhombic 

and/or tetragonal phases in this film. The lower permittivities and reduction in hysteresis pinching 

observed when comparing data from the TE-Etched and With-TE films suggests that the 

monoclinic phase produced by removing the top electrode is, at least partially, due to a 

transformation from the tetragonal phase, and the identical polarizations measured on both samples 

following wake-up is indicative that both contain the similar amounts of orthorhombic phase. 
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However, changes in permittivity can be attributed to factors besides phase transformations and 

the wake-up process is known to occur, in part, due to phase transformations from the tetragonal 

to the orthorhombic phase.296 Therefore, while changes in permittivity and polarization behavior 

are consistent with a phase transformation mostly between the tetragonal and monoclinic phases, 

transformations between the orthorhombic and monoclinic phases cannot be completely 

dismissed. 

 

 

Figure 8.4. GIXRD patterns measured on the No-TE (grey), TE-Etched (orange), and With-TE 

(blue) films. The fits for each observed (1̅11) monoclinic (red dotted line), t + o (green dotted line) 

and (111) monoclinic (purple dotted line) peak and fit background (black line) are offset below 

each corresponding pattern. The indexing for each observed peak is indicated by grey vertical 

dotted line and listed above the panel, and the calculated t + o fraction is indicted to the left of each 

corresponding pattern. 

 

 The presence of more intense monoclinic reflections in the TE-Etched diffraction pattern, 

lower permittivity, and more homogeneous polarization switching in the pristine TE-Etched film 

compared to the pattern and responses measured on the With-TE film indicates that the removal 

of the top electrode affects the phase constitution in the HZO, possibly via a transformation from 
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the tetragonal to the monoclinic phases. Given that the SC-1 process involves exposure of the film 

surface to an oxidizing NH3OH/HOOH/H2O solution at 60 °C, and that the phase constitution in 

HfO2-based thin films is sensitive to oxygen content,110 it is possible that the top electrode removal 

affected the HZO chemistry. To examine if the etch was responsible for changing the chemistry of 

the TE-Etched film, the sample was re-exposed to the SC-1 procedure identical to that utilized to 

remove the top electrode. The GIXRD patterns measured on the original TE-Etched and re-

exposed TE-Etched (Re-exposed) films, compared in Figure 8.5, reveal no difference in phase 

constitution. The t + o phase fraction for the re-exposed film was calculated to be 0.89 ± 0.01, 

which is identical to the fraction calculated for the original TE-Etched film. Thus, the extended 

exposure of the surface of the HZO to the oxidative solution does not appear to be responsible for 

the change in phase. 
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Figure 8.5. GIXRD patterns measured on the TE-Etched (orange) and re-exposed (blue) films. The 

fits for each observed (1̅11) monoclinic (red dotted line), t + o (green dotted line) and (111) 

monoclinic (purple dotted line) peak and fit background (black line) are offset below each 

corresponding pattern. The indexing for each observed peak is indicated by grey vertical dotted 

line and listed above the panel, and the calculated t + o phase fraction is indicted to the left of each 

corresponding pattern. 

 

 For a further investigation of the effects of top electrode removal on the phase constitution 

in the HZO layers, the With-TE samples were also processed using a RIE to partially and fully 

remove the top TaN layer. The RIE process presents different oxidative conditions than the SC-1 

wet etch procedure, and is capable of selectively and partially removing the 20 nm top electrode 

layer. In Figure 8.6, the GIXRD patterns measured on the original With-TE, a With-TE film that 

has had 15 nm of the top TaN electrode removed via RIE (Partial RIE), and a With-TE film that 

has had the top TaN electrode removed completely via RIE (Full RIE) are compared. The t + o 

phase fractions calculated following the partial and full removal of the top electrode using the RIE 

process were 0.94 ± 0.01 and 0.88 ± 0.01, respectively. The fraction calculated for the Full RIE 

sample is identical to both the TE-Etched and Re-exposed films, and the fraction calculated for the 

Partial RIE film falls between the With-TE and fully etched films. These different etch procedures 
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indicate that the increase in monoclinic phase composition occurring during removal of the top 

electrode is not related to a change in oxygen content in the HZO and is, therefore, related to a 

change in the mechanical boundary conditions. 

 

 

Figure 8.6. GIXRD patterns measured on the With-TE (blue), Partial RIE (red), and Full RIE 

(purple) films. The fits for each observed (1̅11) monoclinic (red dotted line), t + o (green dotted 

line) and (111) monoclinic (purple dotted line) peak and fit background (black line) are offset 

below each corresponding pattern. The indexing for each observed peak is indicated by grey 

vertical dotted line and listed above the panel, and the calculated t + o phase fraction is indicted to 

the left of each corresponding pattern. 

 

 Comparison of Chemical Properties of Prepared Devices. While changes in oxygen 

content between the With-TE and TE-Etched samples do not appear to be driving the 

transformation to the monoclinic phase resulting from electrode etching, such variations related to 

processing with or without the top electrode could be contributing to the clamping effect. To 

examine differences in defect concentration and oxygen content due to the presence of the top 
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electrode during processing, leakage current and transmission electron microscopy – energy 

dispersive X-ray spectroscopy (TEM-EDS) measurements were carried out. While direct 

examination of defect concentrations in HfO2-based thin films is experimentally difficult, leakage 

current measurements have been employed to provide an estimation of these quantities.111,295 

Leakage current in ferroelectric HfO2-based thin films has been attributed to the presence of point 

defects, such as oxygen vacancies111,122 or trapped electrons,127,309 which enable the flow of 

electrons via trap-assisted tunneling where the point defects act as traps.121,173 Thus, larger leakage 

currents are indicative of greater defect concentrations.111 Leakage current measurements of 

pristine and awoken With-TE, TE-Etched, and No-TE devices, shown in Figure 8.7(a-b), reveal 

similar leakage current profiles following cycling for all three devices. In the pristine state, 

different asymmetries are present in the data. These are likely related to the different processing 

conditions and asymmetric interfaces and prevent direct comparisons. Following field cycling, the 

leakage current profiles are more similarly asymmetric and are of identical magnitudes. Thus, 

qualitatively, the presence of the top electrode and its removal does not appear to have a significant 

impact on the defect concentrations in the samples. 
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Figure 8.7. IV measurements made on (a) pristine and (b) awoken With-TE (blue), TE-Etched 

(orange) and No-TE (grey) devices. 

 

 The similar defect concentrations, particularly between the With-TE and No-TE samples 

is indicative that the HZO films have similar oxygen contents regardless of whether the top 

electrode was in place during processing. To further examine the stoichiometry of these two 

samples, TEM-EDS profiles were measured across the film thicknesses, as shown in Figure 

8.8(a-d). High-Angle Annular Dark Field (HAADF) TEM micrographs captured on the With-TE 

and No-TE films, shown in Figure 8.8(a-b), were utilized to confirm film thicknesses of 20 nm 

and reveal the presence of ~1 nm TaOxNy interlayers separating the HZO layers and TaN 

electrodes, which form due to oxygen scavenging during thermal processing.117,155,295 EDS 

profiles, shown in Figure 8.8(c-d) for the With-TE and No-TE samples, respectively, were 
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measured with a width of 10 nm across film thicknesses. By averaging the Hf, Zr, and O atomic 

fractions within the middle 5 nm of each film, compositions of Hf0.43 ± 0.07Zr0.56 ± 0.06O1.34 ± 0.04 and 

Hf0.40 ± 0.03Zr0.60 ± 0.06O1.25 ± 0.07 were determined for the With-TE and No-TE samples, respectively. 

While EDS measurements cannot reliably quantify oxygen content without a suitable standard, the 

Hf:Zr ratio for both of the samples is the same within error, which would be expected given that 

they were prepared with nominally identical deposition conditions, and both films are oxygen 

deficient, which is consistent with other studies of the oxygen content of HfO2-based thin films 

with large contents of the orthorhombic phase.110,111 Therefore, the film defect concentrations and 

stoichiometries are similar or identical regardless of the presence of the top electrode during 

processing insofar as these characteristics can be compared using leakage current measurements 

and TEM-EDS. 
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Figure 8.8. TEM micrographs measured on the (a) With-TE and (b) No-TE films. The layer 

materials are indicated on the left of each micrograph, and the scale bars and scan directions are 

provided on the right. EDS compositions measured for the Hf (blue line), Zr (red line), O (grey 

line), Ta (green dotted line), and N (red dotted line) species across the (c) With-TE and (d) No-TE 

films. The regions averaged to calculate HfxZryOz compositions (Comp. Calc.) for both samples 

are indicated with solid red vertical lines. 

 

 Effects of Top Electrode on Film Microstructure. While the presence of the top 

electrode was not observed to affect the defect concentration and oxygen content of the processed 

films, it may possibly affect the HZO grain sizes.306 Such a change could potentially affect the 

phase constitution given the lower surface energy of the orthorhombic phase compared to the 

monoclinic,90,96,97 and thus contribute to the clamping effect. To examine if the presence of the top 

electrode during thermal processing affects the HZO grain sizes of processed devices, grain 

intercept analyses were carried out on SEM micrographs captured on the With-TE and No-TE 
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films. Plan-view micrographs of the TE-Etched and No-TE films, shown in Figure 8.9(a-b) reveal 

similar grain sizes regardless of top electrode presence. The ASTM standard E112 grain size 

measurement procedure utilized for this analysis yielded average linear intercepts of 23 ± 1 nm 

and 22 ± 1 nm for the TE-Etched and No-TE films, respectively. In tandem, inspection of TEM 

micrographs measured on both of these samples, shown in Figure 8.8(a-b), reveal columnar 

structures and identical thicknesses (20 nm-thick), supporting that plan-view measurements 

present valid estimations for grain sizes. Based on the small variance between the two grain sizes, 

differences in film phase or polarization related to size effects would not be anticipated.90,101 

 

 

Figure 8.9. Plan-view SEM micrographs taken on (a) TE-Etched and (b) No-TE films. The results 

of grain size measurement are listed in the upper left of each panel. 

 

 Separate from direct examinations of the grain sizes of processed devices, high-

temperature X-ray diffraction (HTXRD) patterns were collected on the With-TE and No-TE 

samples to assess effects of the top electrode on film crystallization temperature. A difference in 

crystallization temperature dependent on the top electrode presence could contribute to the 
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clamping effect given that the monoclinic and tetragonal/orthorhombic phases have been reported 

to crystallize under different thermal budgets.140 Therefore if the top electrode reduced the 

crystallization temperature, larger tetragonal and orthorhombic phase compositions would be 

facilitated. Shown in Figure 8.10(a-b) are HTXRD measurements of the With-TE and No-TE 

samples. In both patterns, crystallization for the t + o phases was observed to begin at 390°C, 

regardless of top electrode presence. While the With-TE film demonstrated diffracted intensity 

corresponding to only the t + o reflection, peaks corresponding to the monoclinic phase were 

observed starting at 400 °C in the No-TE film. Intensity slightly above the background level is 

observed in the m2 peak position in the patterns measured on the With-TE film at 600°C, which is 

consistent with the room-temperature GIXRD pattern measured on this film following processing. 

Based upon comparison of these two measurements, the crystallization temperature is unaffected 

by the presence of the top electrode in the HZO films whereas the nucleating phases are different. 
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Figure 8.10. HTXRD patterns collected on (a) With-TE and (b) No-TE samples. Indexing for each 

of the observed peaks is indicated above the plots, and the colors corresponding to the normalized 

intensities are provided to the right. 

 

 Given that crystallization of HZO films from amorphous states occurs with a concomitant 

increase in film density,283 and that the difference in crystalline phase volume contributes to the 

free energy differences between the phases,87 fitting of X-ray reflectivity (XRR) patterns measured 

on With-TE, No-TE, and amorphous films was undertaken to determine if the degree of 

densification during annealing varied due to the presence of the top electrode. Shown in Figure 

8.11(a-c) are XRR patterns and associated fits measured on an amorphous TaN/HZO sample (Pre-

Anneal), the TE-Etched sample, and the No-TE sample. Utilizing the XRR fits, film densities were 

extracted. Before annealing, the amorphous HZO film was observed to have a density of 
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7.05 ± 0.02 g cm-3. Identical densities of 7.35 ± 0.02 g cm-3 were fit for both the TE-Etched and 

No-TE samples following their processing. This difference constitutes a +4.2% densification in 

the HZO. This densification coincided with a decrease in HZO thickness from 20.4 ± 0.1 nm for 

the amorphous film, to 19.8 ± 0.1 nm for both of the crystallized films. It should be noted that a 

densification of +2.0% was also observed in the TaN bottom electrode by separately rapid thermal 

annealing a 100 nm-thick TaN layer on a silicon substrate, with the measured pattern and 

associated fit shown in Figure 8.12. While this HZO and TaN densification suggests that the films 

should be in a tensile stress state, owing to clamping to a rigid single crystal substrate following 

their thermal processing, it does not clearly show that the presence of the top electrode affects the 

degree to which the films densify. 

 

 

Figure 8.11. XRR patterns (blue lines) and associated fits (orange lines) corresponding to (a) an 

unannealed TaN/HZO sample, (b) the With-TE sample, and (c) the No-TE sample. The XRR-fit 

HZO density is indicated in each respective panel. 
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Figure 8.12. XRR patterns (blue lines) and associated fits (orange lines) corresponding to an 

(a) unannealed and (b) annealed 100 nm-thick TaN layer. The XRR fit density is indicated in each 

respective panel. 

 

 Quantification of Biaxial Stresses. While samples processed with and without top 

electrodes appear essentially identical when examined using chemical, microstructural, 

crystallization temperature, and densification measurements, they clearly possess different 

crystalline phase constitutions, permittivities, and polarization responses. It is evident, based upon 

densification measurements, that the samples should be in states of tensile stress following 

processing, which has been shown to affect the orthorhombic phase stabilization and resulting 

domain structure of the film.87,115,150 To examine the amount of stress present within the HZO 

layers following processing due to both the presence and etched removal of the top electrode, 

sin2(ψ) analyses were carried out on area detector diffraction patterns collected on each device 

structure.283 The resulting changes in d-spacings with out-of-plane (ψ) angle and calculated biaxial 

stresses for each of the devices are plotted in Figure 8.13(a-c), with the collected area detector 

frames and unwarped patterns presented in Figure 8.14(a-f). With the assumption of uniform 

biaxial stresses in a randomly-oriented, isotropic linear elastic solid, fitting of the variation in d-

spacing with ψ angle can be utilized to calculate the biaxial stress following processing using 

Equations 3.2 and 3.3:209 
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εψ = 
1+ν

E
σ|| sin

2
(ψ) -

2ν

E
σ||   3.2 

  

εψ = 
dψ – d0

d0

 
3.3 

 

Where dψ is the d-spacing at each ψ angle, ν is the Poisson’s ratio of orthorhombic HZO (assumed 

to be 0.29261–263 for this analysis), E is Young’s modulus of orthorhombic HZO (assumed to be 

209 ± 6 GPa for the With-TE and TE-Etched samples and 202 ± 6 GPa for the No-TE sample283), 

σ| | is the biaxial stress, and  d0 is stress-free d-spacing of orthorhombic HZO, which is calculated 

to occur at ψ angles at which Equation 3.4 is fulfilled:209 

 

sin(ψ*) = √
2ν

1+ν
  

3.4 

 

 The slopes of the linear fits of the changes in d-spacing with ψ angle, plotted in Figure 

8.13(a-c), were all found to be positive, which is indicative that all three samples are under tensile 

biaxial stress following processing and agrees with the densification behavior observed using 

XRR. In tandem, the normalized integrated intensities of the t + o diffraction peaks were found to 

be essentially invariant with ψ angle, which is evidence that the films do not have preferred 

orientation. The lack of preferred orientation in these films validates the assumption of an isotropic 

solid. The calculated tensile biaxial stress magnitudes were found to vary approximately between 

2 and 4 GPa, which is consistent with other similar investigations of HfO2-based thin films with 

binary nitride electrodes.125,283,295 When the HZO was processed without a top electrode, the 

resulting biaxial stress was calculated to be 2.10 ± 0.2 GPa, whereas when the film was annealed 

with a top electrode in place, the resulting biaxal stress was calculated to be 3.56 ± 0.2 GPa. Thus, 

the biaxial stress in the HZO resultant from the ‘clamping effect’ for these films is 1.46 ± 0.3 GPa. 

The TE-Etched film was calculated to have a biaxial stress of 2.74 ± 0.2 GPa following annealing 

and etching, indicating that the etching process reduced the amount of tensile biaxial stress in the 
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HZO by -0.82 ± 0.3 GPa. Both the With-TE and TE-Etched samples exhibited larger tensile 

biaxial stresses and larger polarizations than the No-TE film following processing, which is 

consistent with computational87 and experimental investigations115,116,151 of the effects of stress on 

ferroelectric HfO2-based thin films. The different stresses dependent on the top electrode presence 

present clear differences in these samples to accompany their different phase constitutions and 

polarization behaviors. 

 

 

Figure 8.13. Change in t + o d-spacing (closed points, left axis) and t + o normalized area (open 

points, right axis) with ψ angle relative to film normal fit from area detector XRD patterns 

measured on (a) With-TE, (b) TE-Etched, and (c) No-TE films. The linear fits (red dotted lines) 

plotted through the d-spacing data were utilized to calculate the biaxial stress following processing. 
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Figure 8.14. Area detector XRD patterns measured on (a) With-TE, (b) TE-Etched, and (c) No-TE 

samples. Unwarped area detector patterns measured on (d) With-TE, (e) TE-Etched, and (f) No-

TE samples. Indexing of MgO and HZO Debye-Scherrer rings utilized for pattern unwarping and 

sin2(ψ) analysis, respectively, are indicated on panels (a) and (d). 

 

 While diffraction measurements allow for the quantification of stress due to the clamping 

effect, and reveal clear differences in biaxial stress that accompany processing HZO thin films 

with a top electrode in place, they cannot quantify changes in stress that occur throughout the film 

stack. As a further examination of the evolution in biaxial stress with preparation of each sample, 

wafer flexure measurements following each deposition, after annealing, and after etching were 

carried out. Example height profiles for all three samples, measured throughout processing, are 

shown in Figure 8.15(a-c). Each height profile was fit with a 2d polynomial, which was then 

utilized in Equation 3.7 to calculate a wafer radius of curvature following each processing step. 

Then, using radii of curvature fit before and after each step, the resultant biaxial stresses were 

obtained using Stoney’s Equation (Equation 3.6): 
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RF,0 = 
[1+y'(x)F,0

2 ]
3
2

|y''(x)F,0|
 

3.7  

  

σ|| = 
Eshs

2

6(1-νs)hf

(
1

RF

 - 
1

R0

) 
3.6 

 

 Where RF,0 is the radius of curvature of the silicon substrate before (0) or following (F) the 

process step, y'(x) and y''(x) are the first and second derivatives of the polynomial height profile 

fit, respectively, σ| | is the biaxial stress resultant from the process step, Es is the elastic modulus 

of the silicon substrate (130 GPa310), hs is the substrate thickness (280 µm), νs is Poisson’s ratio of 

the silicon substrate (0.28310), and hf is the film thickness, in the case of deposition and etching 

steps, or total film stack thickness, in the case of the annealing steps. 
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Figure 8.15. Offset height profiles measured on (a) With-TE, (b) TE-Etched, and (c) No-TE 

samples on the initial substrates and following each processing step. The process steps 

corresponding to each height profile are listed to the right of each panel. The fit radii of curvature 

and calculated biaxial stresses are listed on each associated profile. 

 

 The biaxial stress magnitudes following each processing step are detailed in Figure 

8.16(a-c) for each device structure. All stresses were found to be strongly tensile following 

complete processing, in agreement with sin2(ψ) analyses of the HZO area detector diffraction 

patterns and XRR densification analyses. Initial deposition of the TaN bottom electrode was 

measured to result in a compressive biaxial stress of -0.5 GPa in each device. Next, PEALD 

deposition of the 20 nm HZO layer yielded 2.0 GPa of tensile biaxial stress in the silicon. 

Deposition of the top electrode on the With-TE and TE-Etched samples resulted in an 

additional -0.4 GPa of compressive biaxial stress. Following depositions, rapid thermal annealing 

of the No-TE device was observed to induce an additional 0.7 GPa of tensile biaxial stress, whereas 

annealing the With-TE and TE-Etched devices resulted in an additional 1.0 GPa of tensile biaxial 

stress. Thus, 0.3 GPa of tensile biaxial stress was observed in the silicon substrate due to the 

clamping effect from the TaN top electrode. In tandem, etching of the top electrode following 
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processing was observed to result in a reduction in tensile biaxial stress of -0.7 GPa. By 

comparison, the wafer flexure measurements reflect the same signs of the biaxial stresses 

quantified through sin2(ψ) analysis while the magnitudes are smaller for the thermal processing 

steps and essentially identical for the etching step. Given that flexure measurements can only 

examine the macroscopic deformation of the silicon substrate, the smaller magnitudes of biaxial 

stress incurred during thermal processing by this technique are evidence that the biaxial stresses 

of the TaN electrodes are changing in concert with the HZO during this step. Through 16 separate 

measurements of TaN bottom electrode layers, it was determined that the confidence interval for 

each flexure analysis is ± 0.1 GPa, showing that the differences between XRD and wafer flexure-

based measurements of stress are real and outside of measurement error. 

 

 

Figure 8.16. Cumulative (closed points) and individual process (open points) biaxial stresses 

quantified via wafer flexure measurements made on (a) With-TE, (b) TE-Etched, and (c) No-TE 

samples. The grey dashed line indicates the 0 GPa stress level, whereas the red dashed lines and 

red arrows indicate the biaxial stresses resultant from annealing with the top electrode, etching of 

the top electrode following annealing, and annealing without the top electrode in (a), (b), and (c), 

respectively. 

 

 While the combination of HZO crystallization and different densifications of all three 

layers likely prevents direct comparisons between post processing stresses and strains 

characterized using diffraction and wafer flexure, the etching process presents a simpler case. 
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Where diffraction analyses of this step using the t + o peak of the HZO yielded a decrease in tensile 

biaxial stress of -0.82 ± 0.3 GPa, flexure measurements of the silicon substrate revealed a change 

of -0.7 ± 0.1 GPa. These measurements are in agreement, which is expected given that this step 

occurs near room temperature, has negligible contribution from densification changes, and results 

in a phase transformation of only 8 ± 1% of the 20 nm HZO layer. 

 The transformation of 8 ± 1% of the HZO film volume from the tetragonal and/or 

orthorhombic phases to the monoclinic phase occurs with a reduction in the amount of tensile 

biaxial stress, and can be taken as a reduction in the potential energy of the film. By utilizing the 

difference in biaxial stress in the HZO layer before and after top electrode removal, the change in 

the potential energy causing this phase transformation, which is strain energy density in this case, 

can be calculated using Equation 8.4: 

 

ΔU|| = 
Δσ||

2

2E||(HZO)

 
8.4 

 

Where ΔU|| and Δσ|| are the change in biaxial strain energy density and biaxial stress due to the 

phase transformation, respectively, and E||(HZO) is the biaxial modulus of HZO (assumed to be 

278 ± 7 GPa for this analysis283). It should be noted that the change in crystallographic strain 

observed in the HZO due to etching of the top electrode has contributions from substrate 

deformation. This calculation also assumes a uniform biaxial stress state and randomly oriented 

isotropic solid, as detailed when utilizing Equations 3.2-3.4 and 3.6, and is reasonable given the 

invariance of the intensity of the t + o diffraction peak with ψ angle (Figure 8.13(b)). Using these 

assumptions and the average unit cell volume for the tetragonal and orthorhombic phases96 

(133.7 Å3 per formula unit, F.U.-1) results in a strain energy density change 

of -1.0 ± 0.5 meV F.U.-1 during the transformation of 8 ± 1% of the volume of the film from the 

tetragonal and orthorhombic phases to the monoclinic phase. Based upon these values, it can be 

estimated that a strain energy density change of -12.5 ± 6.4 meV F.U.-1 would be required to 

completely transform the film to the monoclinic phase. This reduction in potential energy 

represents the input required to surmount the activation energy barrier separating the orthorhombic 
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and tetragonal phases from the equilibrium monoclinic phase at near temperature. The total 

difference between the free energies of the orthorhombic and tetragonal structures and the 

monoclinic structure, irrespective of the activation energy required for the transformation, have 

been calculated to be 25 and 70 meV F.U.-1 by Materlik et al.96 

 

 Mechanism of the Clamping Effect in Ferroelectric HZO Devices. It is evident, based 

upon sin2(ψ) analyses and wafer flexure measurements, that the clamping effect in HfO2-based 

thin films is predominantly driven by biaxial stresses incurred in the ferroelectric layer during 

processing due to the top electrode. However, wafer flexure and diffraction-based stress 

measurements cannot directly elucidate the mechanism by which the top electrode influences the 

stress state and phase of the processed HZO layer. Through chemical and plasma etch removal of 

the top electrode, increases in the amount of monoclinic phase were observed, whereby full 

removal of the top electrode resulted in a decrease in 𝑓t   o of 8 ± 1%. This increase in monoclinic 

phase fraction is accompanied by a decrease in tensile biaxial stress of -0.82 ± 0.3 GPa according 

to sin2(ψ) analyses. Additional sin2(ψ) analyses of samples that had the top electrode partially and 

fully removed via RIE, shown Figure 8.17(a-b), yielded final biaxial stress states of 3.10 ± 0.3 and 

3.09 ± 0.3 GPa, respectively, which represent decreases of -0.46 ± 0.1 and -0.47 ± 0.1 GPa. While 

the analyses are unable to differentiate between the stress states of the Partial and Full RIE samples, 

it is evident based upon GIXRD patterns and sin2(ψ) analyses that the partial removal of the top 

electrode results in more minor reductions in tensile biaxial stress and transformations to the 

monoclinic phase than when the top electrode is completely removed. 
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Figure 8.17. Change in t + o d-spacing (closed points, left axis) and t + o normalized area (open 

points, right axis) with ψ angle relative to film normal fit from area detector XRD patterns 

measured on (a) Partial-RIE and (b) Full-RIE films. The linear fits (red dotted lines) plotted 

through the d-spacing data were utilized to calculate the biaxial stress following processing. 

 

 Based upon electrode removal experiments, a decrease in the tensile biaxial stress state of 

the film results in a transformation to the monoclinic phase. To examine if this phase 

transformation could be induced via imparting of compressive biaxial stress without removal of 

the top electrode, GIXRD patterns were measured and sin2(ψ) analyses were carried out on a With-

TE sample before (Single-TE) and after (Double-TE) sputtering of an additional 20 nm-thick TaN 

layer to produce additional compressive biaxial stress after thermal processing (i.e. the second TaN 

layer was deposited after thermal processing was completed), as shown in Figure 8.18(a-c). The 

sin2(ψ) analyses of the Single-TE and Double-TE samples, shown in Figure 8.18(a-b), show a 

change in tensile biaxial stress of -0.32 ± 0.3 GPa due to the additional layer, from 3.61 ± 0.2 GPa 

measured on the Single-TE sample to 3.29 ± 0.2 GPa measured on the Double-TE sample. The 

decrease in tensile biaxial stress is essentially on the order of the compressive biaxial stress 

imparted on the sample by the sputtering of the second 20 nm-thick TaN layer as characterized by 

flexure analysis, -0.4 ± 0.1 GPa, and importantly smaller in magnitude than that produced via etch 

removal of the top electrode. GIXRD patterns measured on the sample before and after the 

sputtering of the second TaN layer, shown in Figure 8.18(c) reveal similar phase constitutions. 

f
t   o

 for these samples, calculated using Equation 8.3 and the fits of these two patterns, are the 
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same within error. However, given the small reduction in tensile biaxial stress due to the additional 

deposition, it is not clear based upon this measurement if the change in stress state is affecting the 

phase constitution, especially when it is considered that biaxial strain energy density is 

proportional to the square of the change in biaxial stress. 

 

Figure 8.18. Change in t + o d-spacing (closed points, left axis) and t + o normalized area (open 

points, right axis) with ψ angle relative to film normal fit from area detector XRD patterns 

measured on (a) Single-TE and (b) Double-TE samples. The linear fits (red dotted lines) plotted 

through the d-spacing data were utilized to calculate the biaxial stress following processing. 

GIXRD patterns measured on the Single-TE (dark blue) and Double-TE (light blue) films. The fits 

for each observed (1̅11) monoclinic (red dotted line), t + o (green dotted line) and (111) monoclinic 

(purple dotted line) peak and fit background (black line) are offset below each corresponding 

pattern. The indexing for each observed peak is indicated by grey vertical dotted line and listed 

above the panel, and the calculated t + o fraction is indicted to the left of each corresponding 

pattern. 

 

 The transformation from the tetragonal and/or orthorhombic phases to the monoclinic 

phase upon removal of the top electrode is indicative of the important role that the electrode 

interfaces play in the stabilization of the orthorhombic phase. TEM micrographs of HfO2-based 

thin films between TiN layers captured by Grimley et al.154 show that tetragonal interlayers exist 

between the electrode and ferroelectric layers, which are produced due to the strain and chemical 

environment at the interface. Formation of such interlayers at interfaces and grain boundaries has 
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also been predicted using density functional theory (DFT) by Künneth et al.,90 which explains the 

small grain size requirements for orthorhombic phase formation. Tetragonal interlayers were not 

readily observable in TEM micrographs captured within this report, likely due to different foil 

preparation procedures or measurement conditions. Regardless, the larger free energy and volume 

differences between the tetragonal and monoclinic phases compared to the orthorhombic and 

monoclinic phases87,96 at room temperature support that phase gradients between the equilibrium, 

high-volume monoclinic phase in the bulk of the film and the high energy, low-volume tetragonal 

phase stabilized by strain at the interface with the electrode would favor production of the 

intermediate energy/volume orthorhombic phase. This model is supported by the experiments 

detailed in this chapter, in which HZO films processed without top electrodes, and only one 

electrode/ferroelectric interface, exhibit more monoclinic phase and lower magnitudes of tensile 

biaxial stress. With removal of the top electrode, the amount of tensile biaxial stress within the 

film is reduced and a partial transformation to the monoclinic phase occurs. It remains unclear if 

the same phase transformations can be imposed through reduction of tensile biaxial stress 

magnitude with preservation of the top electrode interface. 

8.6 Conclusions 

 To investigate the clamping effect in HfO2-based thin films, the effects of processing of 

TaN/HZO/TaN MIM samples with and without top electrodes have been investigated using 

electrical, chemical, and structural measurements. It has been shown that processing HZO films 

with the top electrode in place yields more of the metastable ferroelectric orthorhombic phase than 

processing with only a bottom electrode layer, which yields films that are a mixture of the 

tetragonal, orthorhombic, and monoclinic phases. Comparisons between microstructural, leakage 

current, TEM-EDS, temperature-resolved XRD, and XRR measurements made on samples 

processed with and without top electrodes did not reveal discernable differences between oxygen 

content, grain sizes, crystallization temperature, or densification dependent on the top electrode 

presence. Diffraction-based sin2(ψ) stress analyses showed that processing samples with both 

electrodes in place produced tensile biaxial stresses that were higher than samples that were 

processed without the top electrode. The substrate flexure-based stresses measured for each 

processing step, alternatively, revealed an increase in the tensile biaxial stress state of the film 
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stack due to the clamping effect, but could not completely reconcile the diffraction-based 

quantification of the stress present in the HZO layer following processing, likely due to a 

combination of different densification and thermal expansion behaviors of each layer and HZO 

crystallization. However, the stress changes reported by diffraction and wafer-flexure based 

measurements that occur due to etching were similar. The nature and mechanism of this stress 

change was explored further through partial and full etching of the top electrode with wet etch and 

RIE procedures. It was determined that removal of the top electrode following processing reduces 

the amount of biaxial stress present in the HZO layer, which is accompanied by a transformation 

of some volume of the present tetragonal and/or orthorhombic phases to the monoclinic phase. 

This behavior was shown to not be related to oxidation from the etching procedures, and persisted 

even if the electrode was only partially removed. Using this change in stress state and phase 

constitution, the activation energy barrier for the film to completely transform from the tetragonal 

and orthorhombic phases to the monoclinic phase was determined through calculations of changes 

in strain energy density. Based upon these measurements, it was concluded that the strain state at 

the interfaces, which has been shown to produce interlayers of the tetragonal phase,154 aids in 

stabilizing the orthorhombic phase as an intermediary separating the interface from the equilibrium 

monoclinic phase in the bulk of the film. Using these measurements, the following has been 

revealed about the clamping effect in HfO2-based ferroelectric thin films: 

1. The clamping effect in ferroelectric HfO2-based thin films occurs due to stress from the top 

electrode layer at the interface. 

2. The presence of the top electrode was not observed to measurably impact the oxygen content, 

densification, or crystallization temperature of the HZO layer. 

3. Samples processed with top electrodes exhibit larger orthorhombic phase contents (+ 36 ± 3%) 

and tensile biaxial stress magnitudes (+ 70 ± 19%) than samples processed with only bottom 

electrodes. 

4. Through removal of the top electrode, the amount of tensile biaxial stress in the HZO layer is 

reduced by -23 ± 6%, and 8 ± 1% of the film volume transforms from the tetragonal and/or 

orthorhombic phases to the monoclinic. 



217 

 

5. The strain energy density required for complete transformation of the film from the tetragonal 

and orthorhombic phases to the monoclinic phase is 12.5 ± 6.4 meV F.U.-1. 
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Chapter 9: Conclusions 

 

 Through varying electrode material, electrode stoichiometry, and examining the stresses 

associated with processing with electrodes, the effects of the electrode on the ferroelectric 

properties of HZO films have been explored. It has been shown that the manner in which the 

electrode and HZO layers exchange oxygen, oxygen vacancies, and electrons is an important factor 

in the field-cycling behavior of the ferroelectric. When electrodes are incorporated that do not 

allow oxygen transfer, a buildup of oxygen vacancies at the electrode/ferroelectric interface causes 

domain pinning and transformations from the tetragonal and orthorhombic phases to the 

monoclinic phase. When an electrode material is utilized that too-readily allows transfer of oxygen 

vacancies out of the ferroelectric layer, then charged defects, likely injected electrons, cause 

domain pinning and polarization fatigue. When electrode materials that allow an intermediate 

amount of oxygen vacancy transfer are utilized, for example binary nitrides that form oxynitride 

interlayers, then polarization wake-up and fatigue are observed, which are driven primarily by 

phase transformations / domain de-pinning and domain pinning, respectively. Separate from 

material selection, the chemistry of binary nitride electrodes plays an important role in affecting 

the oxygen content, and resultant phase constitution and polarization of processed HZO devices. 

Metal-rich electrodes more readily remove oxygen from the HZO layer, which results in larger 

orthorhombic phase compositions and higher polarizations. These findings address the knowledge 

gap present in the scientific community’s understanding electrode effects on HZO performance, 

show that careful consideration should be given to incorporated electrode material selection and 

chemistry, and reveal a means to engineer the ferroelectric and field-cycling properties of HZO 

using these neighboring layers. 

 Further, the stresses incurred in the HZO during processing with a top electrode have been 

investigated. It has been shown that the stress imparted by the top electrode is instrumental in 

enhancing orthorhombic phase contents in HZO devices. If the top electrode is removed, then a 

reduction in tensile biaxial stress and a transformation from the tetragonal and/or orthorhombic 

phases to the monoclinic takes place. While the phase constitution does not appear to change if the 

amount of tensile biaxial stress is reduced through deposition of an additional layer, without 

destruction of the top interface, the stress changes employed through experimentation may not 
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have been large enough to produce observable transformations. Regardless, fully prepared HZO 

devices with TaN electrodes exhibit tensile biaxial stress, the magnitude of which is larger if 

processing occurs following top electrode deposition. This tensile biaxial stress enhancement 

coincides with larger orthorhombic phase fractions and polarization magnitudes, while film 

oxygen content and crystallization/densification behaviors appear unaffected. These findings 

confirm that stress from the top electrode drives the orthorhombic phase composition 

enhancement, while addressing the knowledge gap encompassing the mechanism by which this 

enhancement occurs. 

 In total, this dissertation describes experiments undertaken to examine electrode effects on 

the polarization properties of ferroelectric HZO thin films. Through these experiments, an 

understanding of the chemical and physical interactions between these layers has been obtained. 

The knowledge precipitated from these experiments facilitates the incorporation of ferroelectric 

HZO materials directly into the next generation of silicon-based memory and sensor technology 

by allowing their polarization and field cycling properties to be tailored through engineering of 

their neighboring electrode layers. 
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Chapter 10: Future Work 

 

 Throughout completion of the work outlined Chapters 3 - 8, a number of additional 

research questions arose. Many of these questions are academic, probing deeper into the 

fundamental changes that occur in the film during processing or field cycling, whereas others are 

more practical, harnessing findings to specifically engineer electrodes for better performance. 

Within this section, these questions will be discussed as potential candidates for future or follow-

up investigations. 

 Temperature-Resolved Wafer Flexure Measurement. While the investigation in 

Chapter 8 harnessed etching experiments to reveal the important nature of the interface between 

the HZO layer and the top electrode, the complexity of the densification and crystallization 

processes occurring during annealing prevented direct comparisons between diffraction and wafer-

flexure analyses of the tensile biaxial stress associated with the clamping effect. While it is 

experimentally difficult to design a procedure to allow for decoupling of crystallization and 

thermal mismatch strains during annealing of TaN/HZO/TaN film stacks, important observations 

can be made about their contribution to the final stress state through measuring wafer flexure 

during the annealing process. 

 Such a measurement is being conducted at Brown University, utilizing a Multi-beam 

Optical Stress Sensor (MOSS) technique to monitor the stress state of TaN/HZO and 

TaN/HZO/TaN film stacks throughout annealing. The temperature ramp rate and atmospheric 

environment for this measurement are designed to be identical to the HTXRD measurements, 

shown in Figure 8.10, such that the stress can specifically be analyzed in the vicinity of the 

temperature at which the HZO crystallizes. In tandem, the change in stress with cooling will be 

monitored such that changes due to densification and different thermal expansion mismatches can 

be better understood. In total, this measurement will allow for a more complete analysis of the 

stresses that arise due to annealing of TaN/HZO and TaN/HZO/TaN film stacks, and will provide 

additional opportunities for analysis of the clamping effect. 

 Larger Reductions in Tensile Biaxial Stress to Further Investigate the Clamping 

Effect. While the tensile biaxial stress within the HZO layer was reduced by -0.3 GPa through 
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deposition of an additional 20 nm-thick TaN layer on top of the With-TE sample in Chapter 8, this 

change in stress state is small compared to the reduction when the top TaN layer was removed 

completely via etching, -0.7 GPa. The biaxial stress change of -0.3 GPa did not result in a phase 

transformation that was observable using GIXRD, however the magnitude of this change is small 

enough to cause a transformation that may be within the error of the fitting calculation. As a further 

experiment to confirm that the preservation of the interface with the top electrode is an important 

aspect of the clamping effect, it is necessary to employ an electrode material or thickness such that 

the additional deposition on top of the With-TE sample produces a larger reduction in tensile 

biaxial stress, at least on the order of the reduction observed through etching. To achieve this 

enhanced tensile biaxial stress reduction without substantially changing the diffraction 

background, it will be necessary to utilize tungsten instead of TaN, which has low index X-ray 

reflections that are further from the important reflections in HZO. Further, it will be necessary to 

determine the thickness of tungsten required to produce the necessary stress change. If this 

thickness is large enough to appreciably attenuate the diffracted intensity from the underlying 

HZO, then utilization of a High-Power Impulse Magnetron Sputtering (HiPIMS) deposition 

process may be necessary. Such processes can produce films of higher biaxial stress due to 

increased ion bombardment, and will allow for larger biaxial stresses to be imparted using lower 

film thicknesses.311 

 Stresses Due to Field Cycling of HZO. With the development and adaptation of the 

sin2(ψ) analysis technique detailed throughout this dissertation, investigation of the 

crystallographic stresses associated with field cycling of HZO has become possible. Such an 

analysis is made difficult by the stringent X-ray beam footprint requirement to produce sufficient 

intensity for the sin2(ψ) analysis to take place. Owing to this, shadow masks with large contact 

areas have been obtained so that area detector patterns can be collected with sufficient signal-to-

noise on single contacts using laboratory-based single crystal diffractometers. 

 To perform such an experiment, TaN/HZO/TaN devices could be pre-cycled with specific 

numbers of square waves, and at each interval, polarization, permittivity, and leakage current 

measurements could be made. Then, area detector patterns can be captured on contacts cycled at 

each interval. This procedure can be completed for mild (<2.0 MV cm-1), intermediate 

(2.0 MV cm-1), and harsh (>2.0 MV cm-1) cycling intensities as an examination of how such 
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different cycling procedures affect the HZO layer. Further, such a procedure can be carried out 

using different electrode materials. While such polarization behaviors will likely be different, 

comparisons between changes in stress may further the scientific community’s understanding of 

the mechanisms governing the differences that arise due to different electrodes and interfaces with 

HZO. 

 Engineering of Electrode Stoichiometry in HZO Devices. With findings from the 

investigation detailed in Chapter 6 and the development of the TaN/HZO/TaN process detailed in 

Chapter 3 and in the appendix, it is evident that electrode stoichiometry presents and avenue to 

engineer the phase constitution and field cycling behavior of HfO2-based devices. While it has 

been shown in this dissertation that such an optimization can be done, it remains to actually design 

and conduct such an experiment. 

 For this experiment, utilization of a DC sputtering process from a sintered TaN target 

would likely present the most straightforward manner to vary the electrode chemistry. Such an 

experiment has already shown expected results in small-scale, as detailed in the appendix. Further, 

the specific stoichiometry of the electrode could be measured using XPS with the procedures 

detailed in Chapter 6. With different as-prepared polarizations and phases, field cycling 

experiments could be conducted similar to those detailed in Chapter 7 to examine if the oxygen 

content of the HZO or different interface gives rise to different mechanisms by which polarization 

wake-up or fatigue occurs. This experiment would provide the next logical step in harnessing 

electrode properties to tailor the field cycling and polarization performance of HfO2-based devices. 

 Customizable Work Function Asymmetry via Electrode Replacement in HZO. With 

results presented in Chapter 8, it is evident that the TaN/HZO/TaN process described in Chapter 3 

is capable of producing a device which can have the top electrode etch-removed and replaced 

following processing. Harnessing this procedure, it is possible to incorporate an electrode material 

that would not normally produce a large content of the orthorhombic phase if thermally processed 

in contact with HZO by ‘replacing’ the original TaN top electrode. This provides the opportunity 

to investigate TaN/HZO/Top electrode devices where the electrodes have different work functions, 

but identical HZO layers. Such a feature may be useful in devices such as FTJs, which rely on 

affecting band characteristics via ferroelectric switching. 
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 Such an experiment could be conducted by producing a large quantity of thermally 

processed TaN/HZO/TaN film stacks, which could have the top electrode etched off and replaced. 

After, ‘replaced’ top electrode materials could be deposited through a shadow mask directly onto 

the HZO surface (along with uniform platinum contact layers during the same deposition), and the 

electrical properties of such devices could be compared. Such an experiment could involve field 

cycling, to examine how potential different interfaces or asymmetric work functions affects the 

polarization behavior. In tandem, such a process provides the opportunity to isolate different field 

cycling behaviors from different as-prepared phase compositions when TaN with different 

stoichiometries is utilized as the ‘replaced’ electrode. These experiments harness knowledge of 

electrode effects and procedures developed within this dissertation to enhance the application 

capabilities of HZO. 
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Chapter 11: Appendix 

 

 Development of an ALD HZO Process. At the outset of development of an ALD process 

at UVA capable of depositing ferroelectric HZO thin films, it was known that both oxygen content 

and electrode material were important characteristics to consider. With installation of the FlexAL 

II ALD system, Oxford Plasma Technologies (the manufacturer of the instrument) provided 

plasma-based HfO2 and ZrO2 recipes that produced films with a high degree of uniformity (1.5% 

across a 100 mm-diameter wafer), which employed precursor purge lengths of 3 and 6 seconds for 

HfO2 and ZrO2, respectively. Initial process development entailed depositing 20 nm-thick 5:5 

HfO2:ZrO2 films (combining the two processes) at 295 °C between TiN electrode layers (deposited 

using a reactive DC process from a pure titanium target at UVA) and examining the electrical 

properties of processed devices. For all P(E) data plotted in this section, a period of 1 ms was 

utilized, whereas for all of the cycling, a square wave (100% duty cycle) frequency of 1 kHz and 

a field of 2.5 MV cm-1 was selected. The P(E) response of a device produced via this initial process 

is shown in Figure 11.1. The pinched response showed a low leakage current contribution, but did 

not demonstrate a Pr high enough for desired experimentation. 
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Figure 11.1. Hysteresis response measured on a TiN/HZO/TiN device that employed the Oxford 

Plasma Technologies HfO2 and ZrO2 recipes. 

 

 In an attempt to better replicate devices prepared at Sandia National Laboratories, 

examination of a lower temperature thermal (H2O) process was then attempted. For this process, 

the precursor delivery and purge steps from the Oxford process were unchanged, while the plasma 

oxidation step was replaced with a H2O exposure with a length between 20 – 60 ms, and the 

deposition temperature was reduced to 200 °C. Following the H2O exposure, an 8-second-long 

purge step length was utilized. The P(E) responses of devices prepared with various water 

exposure lengths are shown in Figure 11.2. In all cases, leakage current contributions to 

polarization responses were higher than devices prepared with plasma processes, and responses 

appeared either heavily pinched or more linear dielectric. 
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Figure 11.2. Hysteresis responses measured on TiN/HZO/TiN devices prepared with 20 (red), 40 

(green), and 60 ms (blue) H2O pulse lengths. The maximum measurement fields are identified in 

the legend. 

 

 Uniformity and growth rate examinations of HZO films deposited with the 200 °C, H2O-

oxidized process on silicon confirmed that the changes did not adversely affect the film metrics, 

and that the poor electrical performance was related to either the film or electrode characteristics.  

To attempt to increase the Pr of the devices, an examination of thermally grown HZO films with 

TiN electrodes deposited with different N2-flows was undertaken. The P(E) responses of devices 

prepared with symmetric TiN electrodes deposited with 17, 19, and 23% N2 in the flow gas are 

shown in Figure 11.3. While the increase in N2 in the processing atmosphere of the TiN electrodes 

did appear to produce HZO devices with less leakage current, measured Pr for each film remained 

low. 
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Figure 11.3. Hysteresis responses measured on TiN/HZO/TiN films prepared with TiN electrodes 

sputter deposited with atmospheres that were 17 (red), 19 (green) and 23% (blue) N2. 

 

 With additional surveying of available literature, it was determined that 260 °C provides a 

better temperature for deposition using the TEMAH and TEMAZ precursors to reduce carbon 

impurities.197 In tandem, it was determined that the precursor purge time is a key processing 

parameter to consider when these precursors are utilized.98 As such, thermal HZO was grown 

between TiN electrodes with increased precursor purge step lengths of 30 and 90 seconds to 

examine the effects of these changes on the electrical behaviors of the yielded devices, which is 

shown in Figure 11.4(a-b). The responses were initially leaky, which reduced following cycling, 

yielding a ferroelectric hysteresis response. 
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Figure 11.4. Hysteresis responses measured on pristine (red) devices and after 10,000 (green) and 

100,000 (blue) square waves. Devices were prepared with HZO recipes that had precursor purge 

steps that were (a) 30 and (b) 90 seconds long. 

 

 Given the abundance of published research which utilized ozone with these precursors, a 

HZO sample was prepared with this oxidant to examine if the yielded device showed ferroelectric 

polarization without the large leakage current contribution in the pristine state. For this deposition, 

the precursor purge step length was returned to 5 seconds to examine if this oxidant allowed 

deposition of a ~20 nm-thick film in less than 4 hours. Once again, the response, shown in Figure 

11.5, was leaky in the initial state. It was thus concluded that this precursor did not alleviate the 

issues observed for the H2O-based thermal process. 
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Figure 11.5. Hysteresis responses measured on a TiN/HZO/TiN device in the pristine state (red) 

and after 10,000 (green), and 100,000 (blue) square wave cycles. The HZO recipe utilized ozone 

as the oxidant. 

 

 In comparing the thermal and plasma processes, it became evident that the lack of apparent 

leakage current contribution to measured polarization in the pristine measurements of HZO films 

prepared with plasma-based processes could remedy the issue posed by the longer precursor purge. 

For this examination, devices were prepared with TiN bottom electrodes in tandem with TaN 

bottom electrodes prepared at Sandia National Laboratories. The P(E) responses of these devices 

are shown in Figure 11.6(a-b). While the response of the device with symmetric TiN electrodes 

was pinched in its pristine state, a strong Pr was measured following field cycling. Further, 

utilization of a TaN bottom electrode resulted in less pinched pristine P(E) response. 
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Figure 11.6. Hysteresis responses measured on (a) TiN/HZO/TaN and (b) TaN/HZO/TaN devices 

in the pristine state (red), and after 10,000 (green) and 100,000 (blue) square wave cycles. 

 

 Given the superior polarization response of the device prepared with a TaN bottom 

electrode, devices were next prepared with TaN layers that were deposited using the DC process 

described in Chapter 3, however also with the addition of 10 and 20% N2 flows. The P(E) 

responses of these devices in the pristine state and after field cycling are shown in Figure 11.7(a-

c). When no additional N2 was added to the sputter atmosphere during deposition of the TaN 

electrode layers, the best pristine P(E) response was measured. As N2 was added to the TaN 

sputtering atmosphere, the pristine P(E) response became more pinched. With field cycling, the 

polarization response of all devices increased, once again with the largest response measured on 

the device prepared with the TaN electrodes prepared without any additional N2 present in the 

sputtering atmosphere. Thus, the process utilizing the TaN electrodes that were DC sputtered 

without any additional N2 in the processing atmosphere and the PEALD HZO with 90-second-

long precursor purge steps was settled upon to prepare the final TaN/HZO/TaN devices. Further 

characterization was conducted on devices prepared with this process to examine the structural 

and electric properties as a function of HZO film composition and thickness, as detailed in 

Chapter 3. 
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Figure 11.7. Hysteresis responses measured in the pristine state (a) and after 10,000 (b) and 

100,000 (c) square wave cycles on TaN/HZO/TaN devices processed with TaN with (a) 0, (b) 10, 

and (c) 20% N2 in the sputtering atmosphere. 

 

 Repeatability of the sin2(ψ) Measurement. In order to examine how robust the sin2(ψ) 

analysis procedure was against factors such as variable detector distance and sample measurement 

region, a series of analyses were carried out on TaN/HZO/TaN samples in which such procedural 

characteristics were intentionally varied. To assess potential height displacement user errors, three 

measurements were made on a TaN/HZO film that had the top electrode etched off following 

processing. For these measurements, the sample displacement was manually/intentionally moved 

above/below the process-specific height which results in the MgO powder dispersed on the surface 

to become optically focused in the instrument camera. The pyFAI212 unwarping process identified 

that these manual displacements resulted in detector distances of 0.069, 0.070 (the distance 

identified in the procedure), and 0.071 m, as shown in Figure 11.8(a-c). 
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Figure 11.8. Change in t + o d-spacing (closed points, left axis) and t + o normalized area (open 

points, right axis) with ψ angle relative to film normal fit from area detector XRD patterns 

measured at detector distances of (a) 0.069, (b) 0.070, and (c) 0.071 m. The linear fits (red dotted 

lines) plotted through the d-spacing data were utilized to calculate the biaxial stress following 

processing. 

 

 Based upon these analyses, the unwarping and displacement alignment process, completed 

with MgO powder dispersed on the surface of the film and the pyFAI integration package,212 is 

able to account for ~1 cm displacements in sample height, which may come about due to user 

error. Next, area detector patterns were collected on a TaN/HZO/TaN film stack that was thermally 

processed with the electrode in place near the sample edge, and about the center of the sample. 

The sin2(ψ) analyses corresponding to these patterns are shown in Figure 11.9(a-b). 
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Figure 11.9. Change in t + o d-spacing (closed points, left axis) and t + o normalized area (open 

points, right axis) with ψ angle relative to film normal fit from area detector XRD patterns 

measured at locations near the (a) sample edge and about the (b) sample center. The linear fits (red 

dotted lines) plotted through the d-spacing data were utilized to calculate the biaxial stress 

following processing. 

 

 Given that both analyses report biaxial stress values that are within error of each other, it 

was concluded that the measurement procedure does not suffer repeatability issues from common 

user errors or different measurement regions on the same sample. 

 

 Confirmation of a Biaxial Stress State in HZO Films Prepared at UVA. While 

inspection of area detector patterns measured on processed HZO films allowed for the 

confirmation of random crystallographic orientation, which validates the assumptions of an 

isotropic solid, confirmation of a biaxial stress state requires explicit measurements of films at 

different rotational orientations. Plotted in Figure 11.10(a-c) are sin2(ψ) analyses carried out on 

area detector patterns measured on a processed TaN/HZO/TaN film stack at different φ rotational 

angles. 
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Figure 11.10. Change in t + o d-spacing (closed points, left axis) and t + o normalized area (open 

points, right axis) with ψ angle relative to film normal fit from area detector XRD patterns 

measured with φ rotational angle set at (a) 0°, (b) 30°, and (c) 90°. The linear fits (red dotted lines) 

plotted through the d-spacing data were utilized to calculate the biaxial stress following processing. 

 

 Given that the biaxial stresses calculated at each film rotational angle were the same within 

error, it was concluded that the assumption of a uniform biaxial stress state within the HZO films 

prepared for this dissertation was valid, as stated in Equation 3.1. 

 

 Error Propagation in sin2(ψ) Analyses and Picosecond Acoustic Measurements. With 

assumptions of a uniform biaxial stress state and an isotropic solid confirmed, and data supporting 

that the sin2(ψ) analysis process was resistant to user error, it remained to determine the best 

manner to propagate measurement errors. Starting with elastic moduli calculations, it was known 

that there were error contributions from film density, picosecond acoustic, and film thickness 

measurements. Film density error estimates were provided by GSAS II252 fitting software, and 

were typically on the order of ~0.5% of the fit density value. Picosecond acoustic τ delay time 

errors were extracted from Gaussian positional fits to each acoustic signature, as detailed in Figure 

5.12. For film thickness error contributions, measured spatial uniformity errors of ~1.5 % were 

propagated in place of XRR fitting error (~0.1 %), in order to provide the most conservative error 

estimates. The XRR beam footprint is larger than the picosecond acoustic fs laser footprint, making 

it possible that the picosecond acoustic laser probes a region of film that has a thickness that may 

not be representative of the global film thickness probed by XRR. Thus, utilization of the known 
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uniformity (measured by spectroscopic ellipsometry during process development on silicon 

wafers) provides a more conservative estimate of the error associated with the thickness across the 

entire film. Equations 11.1 - 11.3, shown below, represent the error propagation procedure for the 

elastic moduli calculations, assuming uncorrelated errors:312 

 

σ𝐸  = 0.76 × C11 √(
σρ

ρ
)

2

+2 (
σvL

vL

)
2

 

11.1 

 

σvL
 = 2 v𝐿√(

σd

d
)

2

 (
στ

τ
)

2

 

11.2 

 

στ = √(σxAl/HZO )
2
+(σxHZO/TaN )

2
 

11.3 

 

Where σE is the propagated error for the elastic modulus (assuming no error in the utilized 

Poisson’s ratio in Equation 5.2), C11 is the axial normal component of the strain tensor, σρ is the 

XRR density fit error, ρ is the XRR fit density, σvL
 is the sound velocity error, vL is the sound 

velocity, σd is the film thickness error from uniformity measurements, d is the film thickness from 

XRR, στ is the delay time error, τ is the delay time, and σxAl/HZO  and σxHZO/TaN  are the positional 

errors from Gaussian fits of the acoustic peaks associated with the Al/HZO and HZO/TaN 

interfaces. 

 These elastic moduli error contributions were then propagated into biaxial stress quantities 

calculated on the crystallized films. Other contributions to error in biaxial stress calculations 

included the linear intercept and slope errors from orthogonal distance regression fit of the d-

spacing vs. sin2(ψ) data with associated d-spacing error from LIPRAS214 fitting. Error for the 

stress-free d-spacing (d0) was calculated using Equation 11.4 with an assumption of no error in 

Poisson’s ratio: 
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σd0
 = √(σm)2+(σb)2 11.4 

 

Where σm  is the slope error and σb is the intercept error. Error associated with the biaxial stress 

calculation was then determined using Equation 11.5: 

σσ||
 = σ||√(

σE

E
)

2

+ (
σd0

d0

)
2

+ (
σb

b
)

2

 

11.5 

 

Where σσ||
 and σ|| are the calculated biaxial stress error and biaxial stress, respectively. 

Equation 11.5 becomes the relevant error propagation expression when Equations 3.2 and 3.3 are 

combined and simplified to Equation 11.6: 

 

σ|| = 
E

d0

∗
dψ-d0

(1+ν) sin2(ψ) -2ν
 ≈ 

E

d0

*(
∂dψ

∂ sin2(ψ)
) 

11.6 

 

as described by Prevey.207 In this expression 
dψ-d0

(1+ν) sin2 (ψ)-2ν
 is taken as the slope of the linear fit of 

the d-spacing vs. sin2(ψ) data. 
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