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Abstract 
 

Since the first report of ferroelectricity in hafnium oxide (HfO2) doped with SiO2 in 2011, 

significant research efforts have been directed toward understanding the switchable spontaneous 

polarization in this material. HfO2 is chemically compatible with silicon, is currently used as a 

high-κ dielectric in complementary metal-oxide semiconductor (CMOS) devices, and in the 

ferroelectric phase, is not susceptible to the thickness scaling effects that impose application 

limitations on traditional ferroelectrics. Thus, this material presents opportunities for technological 

developments in devices, such as renewed scaling of ferroelectric random access memory 

(FeRAM), ferroelectric field effect transistors (FeFETS), and new devices such as ferroelectric 

tunnel junctions (FTJs) that previously required epitaxial growth.  

The wide-scale adoption of ferroelectric HfO2 into devices is constrained, in part, by an 

inability to prepare phase-pure films. In equilibrium at room temperature and atmospheric 

pressure, HfO2 exists in the nonpolar monoclinic phase. Multiple metastable phases exist, 

including a polar orthorhombic phase, an antipolar orthorhombic phase, and a nonpolar tetragonal 

phase, each of which can be stabilized by various factors. Ferroelectricity in HfO2 has been 

attributed to the polar Pca21 orthorhombic phase. Several factors have been shown to impact phase 

constitution, including dopant type and concentration, biaxial stress, oxygen vacancies, and film 

thickness or grain size. The work in this dissertation will show the results of an evaluation of the 

use of deposition and processing parameters to tailor film properties to better understand and 

control the factors that stabilize the ferroelectric phase in this material. 

First, a process for the deposition of ferroelectric HfO2 films using high-power impulse 

magnetron sputtering (HiPIMS) is developed. Since oxygen vacancies significantly affect the 

performance of ferroelectric HfO2-based thin films, the impact of plasma oxygen content during 

HiPIMS deposition of HfO2 films is investigated. It is shown that the oxygen content in the plasma 

directly relates to the oxygen content in the films, and this oxygen content has a strong influence 

on phase formation and ferroelectric performance. The oxygen vacancy concentration plays a 

larger role in phase stability than grain size at this approximately 20 nm size scale. Neutral oxygen 

vacancies, which are often overlooked in the literature, are also identified in crystalline HfO2 films. 

These results demonstrate that oxygen content can be used to dictate phase nucleation in HfO2 

films. 
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Next, infrared (IR) spectroscopy is demonstrated as a means by which phases can be 

unambiguously assessed in this material system. While grazing-incidence X-ray diffraction 

(GIXRD) is commonly used to distinguish between phases, it has difficulty unambiguously 

differentiating between the ferroelectric orthorhombic phase and other metastable phases that may 

exist. Using three HfO2 films consisting primarily of the monoclinic, polar orthorhombic, and 

antipolar orthorhombic phases, respectively, the unique signatures of each phase are identified 

using synchrotron nano-Fourier transform infrared spectroscopy (nano-FTIR) measurements. 

Vibrational spectroscopy is demonstrated as a means to characterize phases present in this 

material. 

 Ion bombardment is assessed using two methods – during film growth via the HiPIMS 

pulse width and irradiation of HfO2 and hafnium zirconium oxide (HZO) films with 2.8 MeV Au2+. 

The HiPIMS pulse width, which affects the ionization fraction of the depositing species, is shown 

to alter nucleation behavior and the phases that form during crystallization. Similarly, heavy ion 

irradiation is demonstrated to affect nucleation and the phases that form in films grown by atomic 

layer deposition (ALD), although this method also results in the crystallization of the films.  

One challenge facing this material is the so-called “wake-up” effect in which the remanent 

polarization increases with field cycling. Many mechanisms have been hypothesized to be 

responsible for this effect; using nano-FTIR measurements, it is proven here that phase 

transformations contribute to this effect. Further, the evolution of film stress during wake-up is 

quantified for the first time. 

 Ultimately, stabilization of the ferroelectric phase in HfO2-based thin films is necessary for 

the implementation of this material into devices; the findings presented here offer insight into the 

mechanisms of phase stability in this material and provide engineering strategies to produce 

ferroelectric HfO2-based devices with robust properties.  
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Chapter 1: Motivation and Outcomes 

 

1.1. Motivation 

 

 Ferroelectric hafnium oxide (HfO2) is promising for a wide range of microelectronic 

applications due to its silicon compatibility and improved scaling in comparison to conventional 

ferroelectric materials. However, before it can be integrated into devices, there are a number of 

challenges associated with this material that must be overcome. Many of these challenges are 

related to the inability to stabilize the phase responsible for ferroelectricity in this material, both 

during synthesis and under field cycling conditions that the material will encounter in devices. The 

motivation of this work is to better understand the factors that stabilize the ferroelectric phase in 

HfO2-based ferroelectric thin films and develop processing strategies to overcome these phase 

instabilities. These processing strategies can be used to engineer robust HfO2-based ferroelectric 

thin films for use in devices such as ferroelectric random access memory, ferroelectric field-effect 

transistors, and ferroelectric tunnel junctions. 

 

1.2. Outcomes 

 

The work shown in this dissertation resulted in the following outcomes:  

 

1) The first known high-power impulse magnetron sputtering (HiPIMS) process for 

deposition of ferroelectric HfO2 thin films was developed. 

 

2) It was discovered that oxygen content can be used to dictate phase constitution in 

undoped HfO2 thin films deposited by HiPIMS. Within a typical HfO2 film thickness 

and grain size regime, the properties of ferroelectric HfO2 thin films are highly 

sensitive to oxygen content. The ability to precisely control the concentration and 

charge of oxygen vacancies provides a path toward phase-pure ferroelectric HfO2. 
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3) Fourier-transform infrared spectroscopy was introduced as a method to differentiate 

the metastable phases in this material that were previously only distinguishable by 

transmission electron microscopy. 

 

4) The band gaps of different phases were measured in undoped HfO2 thin films for the 

first time. 

 

5) It was shown that ion bombardment during HiPIMS film growth can be used to alter 

nucleation behavior and the phases that form during crystallization. 

 

6) The evolution of stress during wake-up was quantified for the first time. It was 

revealed that phase transformations are, at least in part, responsible for wake-up, 

suggesting that phase purity in the pristine state can help eliminate instabilities during 

film cycling. 

 

7) Heavy ion irradiation was demonstrated to affect nucleation and the phases that form 

in this material. It can also be used to crystallize amorphous HfO2-based thin films at 

low temperatures. 
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Chapter 2: Introduction to Ferroelectricity and Ferroelectric 

Hafnium Oxide 

 

2.1. Introduction to Ferroelectricity 

2.1.1. Classification of Dielectric Materials 

Dielectric materials are electric insulators that can be polarized by an electric field. Within 

the broad classification of dielectric materials are subclasses of materials that possess special 

properties, including piezoelectricity, pyroelectricity, and finally, ferroelectricity, which is the 

focus of this dissertation. These classifications are inherently connected to crystallographic 

symmetry; based upon symmetry, crystalline structures can be divided into 32 point groups,1 as 

shown in Figure 2.1. Of the 21 non-centrosymmetric point groups, 20 of them comprise materials 

that are piezoelectric, meaning that the application of mechanical stress can induce a dipole 

moment in the material. 10 of the 20 piezoelectric point groups are additionally classified as 

pyroelectric and possess a spontaneous polarization whose magnitude can be controlled by 

temperature. The spontaneous polarization is a consequence of the unique polar axis within the 

crystal structure that results in a spontaneous electric dipole. Finally, a fraction of these 10 

pyroelectric point groups exhibits ferroelectricity. Ferroelectricity describes a property of materials 

that have a spontaneous electric dipole that can be reversed by the application of an electric field. 

In order for a material to be defined as ferroelectric and not just pyroelectric, it must be possible 

to switch between the two polarization states at a sufficiently strong electric field known as the 

coercive field; this field must be smaller than the field at which the material undergoes dielectric 

breakdown. If the breakdown field is smaller than the field required to switch the polarization, then 

the material is only pyroelectric and not ferroelectric. 

 

Figure 2.1: Classification of 32 point groups according to crystallographic symmetry. 
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The polarization in conventional ferroelectric materials has two equilibrium states which 

can be represented in a theoretical diagram of energy versus polarization, as shown in Figure 2.2. 

The two energy minima that represent the ‘up’ and ‘down’ states, or negative and positive 

spontaneous polarizations, are separated by a potential barrier. Through the application of an 

electric field, the potential barrier is lowered, and the polarization can be reversed. 

 

Figure 2.2: Theoretical diagram of energy, U, as a function of polarization, P, for ferroelectric 

materials, with and without an applied electric field. 

 

2.1.2.  Important Features of Ferroelectricity 

 Polarization-electric field (P(E)) measurements are often performed to assess ferroelectric 

switching in materials. These measurements result in a hysteresis loop that resembles that obtained 

in magnetization-magnetic field measurements of ferromagnetic materials. In fact, the term 

‘ferroelectricity’ originates from the similarities in hysteretic behavior, although ferroelectric 

materials possess a remanent electric polarization rather than a permanent magnetic moment, and 

the underlying mechanisms of these behaviors differ. A typical P(E) loop of a ferroelectric material 

is shown in Figure 2.3. Two important features are labeled – the coercive field (Ec) and remanent 

polarization (Pr). The coercive field represents the electric field at which the polarization is 

switched, where the net polarization is zero. The remanent polarization is defined as the 

polarization that remains when the applied electric field is removed. These remanent polarizations 

can be exploited for use as ‘0’ and ‘1’ states in memory applications. Shown in the top right- and 
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bottom left-hand corners of the figure are cartoon crystal structures that are used to illustrate the 

shift in the position of a cation up and down in the unit cell, respectively, which results in a net 

dipole. 

 

Figure 2.3: Polarization-electric field hysteresis loop for a ferroelectric material with the remanent 

polarization and coercive field labeled. The cartoon crystal structures in the top right and bottom 

left illustrate the shift in the position of the cation, which results in a net dipole. 

 

2.1.3. Ferroelectric Domains 

The switching characteristics of ferroelectric materials are highly dependent on the 

ferroelectric domain structure. Ferroelectric domains are regions in the material in which the 

ferroelectric dipoles are aligned in the same direction. These domains, separated by domain walls, 

may have different polarization orientations, which result in different switching characteristics. 

For a material with a single domain, switching often occurs at a single coercive field, resulting in 

a square hysteresis loop. Most often, thin film ferroelectrics have many domains. Because these 

domains have different switching characteristics, they possess a distribution of coercive fields that 

results in a tilted hysteresis loop, as is pictured in Figure 2.3. 
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Domains are formed in a process known as nucleation and growth. During nucleation, a 

small region with uniform polarization forms. This region grows through the movement of domain 

walls and continues to grow until it reaches a size determined by thermodynamics. The formation 

of ferroelectric domains is driven by the minimization of the total free energy of the system. The 

macroscopic polarization of a ferroelectric is due to a displacement of positive charge relative to 

negative charge. Consequently, surface charges form and produce electric fields known as 

depolarization fields (Ed) in the direction opposite to the polarization, as shown in Figure 2.4. 

These depolarization fields are energetically costly. In thin film ferroelectrics, the orientation of 

the polarization in-plane reduces these surface charges. The system can also reduce surface charges 

by forming domains. 180° domain walls form when the polarization direction between neighboring 

domains is antiparallel; these domain walls only move in response to an applied electric field and 

are thus classified as ferroelectric. 90° domain walls – or other angles, depending on the crystal 

structure – can also form; these domain walls have a strain associated with them and are considered 

to be both ferroelectric and ferroelastic in nature because both applied electric fields and strain can 

cause them to move. 

The formation of domains comes at the cost of interfacial energy, and domains will form 

if the energy cost to form a domain is less than that associated with the electrostatic energy cost of 

surface charges. In thin films with mechanical boundaries due to their adhesion to substrates, 

domains may form to minimize mechanical strain energy. The formation of domains can also be 

triggered by external stimuli like the application of an electric field or intrinsic factors like defects 

in the material. 
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Figure 2.4: Illustration of a) a ferroelectric material with a uniform polarization, Ps, producing a 

depolarization field, Ed, and b) a ferroelectric material with 180° domains of opposite Ps in a more 

energetically favorable configuration. 

 

2.1.4.  A Brief History of Ferroelectrics 

Ferroelectricity was first reported in single crystal Rochelle salt (KNaC4H4O6·4H2O) by 

Joseph Valasek in 1921,2 followed by a report of ferroelectricity in potassium dihydrogen 

phosphate salts (KH2PO4) by Busch and Scherrer in 1935.3 Due to the poor stability of Rochelle 

salt and potassium dihydrogen phosphate salts in atmospheric conditions, applications of these 

materials were limited. In the 1940s, ferroelectricity was discovered in barium titanate (BaTiO3, 

BTO) by groups in the United States, Russia, and Japan.4–6 Discovery of ferroelectricity in this 

more chemically stable inorganic perovskite material sparked interest in ferroelectric materials for 

applications such as capacitors in radio circuits.7 Since then, other perovskite-structured 

ferroelectric materials, including lead zirconate titanate (Pb(Zr1-xTix)O3), PZT) and strontium 

bismuth tantalate (Sr1-xBi2+xTa2O9, SBT) and have been discovered and widely investigated. 

Today, ferroelectrics have been commercialized for use in capacitors, sensors, actuators, 

transducers, energy harvesting, and non-volatile memory.8,9 Ferroelectrics have the potential to 

significantly impact the field of microelectronics with applications including ferroelectric random-

access memory (FeRAM), ferroelectric field effect transistors (FeFETs), and ferroelectric tunnel 
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junctions (FTJs). Ferroelectric memory is advantageous in comparison to traditional random-

access memory because it is non-volatile, meaning that information can be stored after power is 

removed. While FeRAM using perovskite ferroelectrics has been mass produced by companies 

including Fujitsu,10,11 Panasonic, Texas Instruments,12 Rohm Semiconductor,13 and Ramtron 

International for over 20 years,14 extensive integration of ferroelectrics in microelectronics has 

been hindered by several factors. To start, conventional perovskite ferroelectrics are 

thermodynamically incompatible with silicon.15 Additionally, they have diminished ferroelectric 

properties below 50 nm in thickness,16,17 making it difficult to improve storage density and 

capacity and preventing their use in scaled semiconductor applications. Thus, there is a clear need 

for new ferroelectric materials that can overcome the limitations of traditional ferroelectrics. 

 

2.2. Ferroelectric HfO2 

Hafnium oxide (HfO2) has been investigated for its use in semiconductor technology for 

decades. Some of the properties that make it technologically interesting include its high melting 

temperature,18 high dielectric constant,19,20 large bandgap,21–24 and compatibility with silicon.15 

One of the most significant advances using this material was in its amorphous form as a high-k 

gate dielectric to replace SiO2 in Si-based field-effect transistors in 2007.25–27 In 2011, 

ferroelectricity was first reported in 20 nm thick HfO2 films doped with silicon dioxide (SiO2).
28 

Not only does this material already exist in semiconductor fabrication facilities, but it has been 

shown to exhibit a ferroelectric response in films as thin as 1 nm.29 In conventional perovskite 

ferroelectrics, ferroelectricity is suppressed in nanometer-scale thicknesses due to a number of 

factors that include intrinsic size effects and depolarizing fields arising from surface charges.16 

However, in HfO2 the polarization is stabilized against depolarization by polar-antipolar 

coupling,30 and thus HfO2 does not suffer from suppressed ferroelectricity at smaller thicknesses. 

Therefore, this material is promising for advancements in technology where conventional 

perovskite ferroelectrics have fallen short. 

 

2.2.1. Polymorphs of HfO2 

HfO2 can exist in various polymorphs depending on temperature, as shown in the binary 

phase diagram of hafnium and oxygen in Figure 2.5.31 At ambient conditions, HfO2 exists in the 

monoclinic P21/c structure with seven-fold coordination. As the temperature is increased to 1743 
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°C, HfO2 is transformed into the tetragonal P42/nmc phase. Increasing the temperature to 2500 °C 

results in the formation of the cubic Fm3̅m structure. Therefore, a phase transformation from the 

monoclinic to tetragonal to cubic phase occurs as the temperature is increased from ambient to 

2500 °C. High pressure can also induce phase transformations in this material, resulting in phases 

that are not present on the conventional temperature versus composition phase diagram. Using 

Rietveld refinement of in situ synchrotron X-ray diffraction measurements taken under high 

pressure and high temperature, Ohtaka et al. reported the stability of the orthorhombic Pbca phase 

from 4 to 14.5 GPa below 1250 to 1400 °C, above which temperatures the tetragonal phase is 

stabilized. From 14.5 to 21 GPa, and up to 1800 °C, another orthorhombic phase, Pmnb, is stable.32 

A pressure-temperature phase diagram based on these data is shown in Figure 2.6. 

 

 

Figure 2.5: Hf-O phase diagram adapted from Shin et al.31 
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Figure 2.6: HfO2 pressure-temperature phase diagram determined from Rietveld refinement of in 

situ synchrotron X-ray diffraction measurements taken under high pressure and high temperature 

adapted from Ohtaka et al.32 Dotted lines represent assumed phase boundaries.  

 

All of the phases described above are centrosymmetric and, therefore, not ferroelectric. 

Ferroelectricity in this material has been attributed to the metastable, noncentrosymmetric 

orthorhombic Pca21 phase. In this structure, the oxygen atoms have two possible equilibrium 

positions, which correspond to a polarization direction. The application of an electric field 

displaces the oxygen atoms from one position to the other, resulting in polarization switching. Of 

the phases discussed above, not all are relevant to HfO2 thin films. Five phases have been 

associated with HfO2-based thin films – the cubic, monoclinic, tetragonal, polar orthorhombic, and 

antipolar orthorhombic phases. The crystal structures for the most relevant phases – the 

monoclinic, tetragonal, and orthorhombic phases – are shown in Figure 2.7, and the unit cell 

volume, lattice constants, and Hf coordination for these phases are provided in Table 2.1. 
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Figure 2.7: Crystal structures of the polymorphs observed to be present in HfO2-based thin films. 
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Table 2.1: Unit cell volume, lattice parameters, and Hf coordination number (CN) for the relevant 

phases present in HfO2-based thin films; unit cell dimensions are taken from first-principles 

calculations performed by Batra et al.33 

Phase Space Group 

Unit Cell 

Volume (Å3) 

Lattice 

Parameters (Å) Hf4+ CN 

Monoclinic (m) P21/c 35.15 

a = 5.11 

b = 5.17 

c = 5.29 

7 

Tetragonal (t) P42/nmc 33.78 

a = 3.57 

b = 3.57 

c = 5.19 

8 

Polar 

Orthorhombic 

(o-p) 

Pca21 33.90 

a = 5.06 

b = 5.09 

c = 5.27 

7 

Antipolar 

Orthorhombic 

(o-ap) 

Pbca 33.64 

a = 5.03 

b = 5.09 

c = 5.25 

7 

 

2.2.2. Challenges Facing Ferroelectric HfO2 

Despite the benefits that HfO2 offers over traditional ferroelectrics, the metastability of the 

ferroelectric phase33,34 remains one of the most significant challenges associated with this 

material.35 For optimal device performance, high concentrations of the ferroelectric phase are 

necessary; however, often phase mixtures are often observed in HfO2-based thin films. Four main 

factors have been shown to stabilize the ferroelectric phase: 1) film thickness/microstructure, 2) 

oxygen content, 3) dopants, and 4) biaxial stress – these factors are elaborated on below. 

Additionally, wake-up and fatigue, which describe the respective increase and decrease in 

remanent polarization with electric field cycling, are ongoing issues that are hypothesized to be 

related in part to phase instabilities in this material. 

 

2.2.3.  Factors Affecting Phase Stabilization 

Microstructure and Film Thickness 

Grain size has been shown to play a role in phase stabilization in HfO2-based thin films 

because surfaces and interfaces have large contributions to the overall free energy in thin films. 
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Materlik et al. predicted that the polar orthorhombic phase is stabilized by grain radii ranging from 

3-5 nm, with the tetragonal and monoclinic phases stabilized by smaller and larger grain sizes, 

respectively.36 The relationship between phase and grain size was further evaluated by Künneth et 

al., who determined the phase content for a given grain size and zirconium concentration in 9 nm 

thick hafnium zirconium oxide (HZO) thin films with columnar grain morphologies.36 A phase 

diagram adapted from this work is shown in Figure 2.8 with experimentally measured grain size 

distributions from 10 nm thick Hf0.5Zr0.5O2 films superimposed in the third dimension with black 

markers.37 The experimentally measured film, which exhibits ferroelectric behavior, contains large 

fractions of grains that fall within the experimentally predicted polar orthorhombic phase field. 

 

Figure 2.8: Computationally predicted phase dependence on grain size and zirconium content of 

9 nm thick HZO films34 shown on the x and y axes, with experimentally measured grain size 

distribution from a 10 nm thick Hf0.5Zr0.5O2 film
37 on the z-axis.  
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Further supporting these computational results, degradation of the ferroelectric properties 

has been observed in doped HfO2 films thicker than 20 nm due to increasing grain size with 

increasing film thickness which results in the stabilization of the monoclinic phase.38,39 However, 

Kim et al. showed that this effect could be mitigated in HZO films deposited by atomic layer 

deposition with thicknesses up to 40 nm by periodically inserting a 1 nm-thick Al2O3 interlayer 

that disrupts the continuous growth of the HZO. Similarly, the ferroelectric phase has been 

stabilized in HfO2-based thin films deposited by chemical solution deposited (CSD) with 

thicknesses up to 7040 and 136 nm41 where layer-by-layer thermal treatment during the deposition 

process allowed for grain size control. No film thickness dependence of ferroelectric properties 

was observed in Y-doped HfO2 films deposited by pulsed laser deposition with thicknesses ranging 

from 10 to 930 nm;42 however, the films contained nanoscale crystallites. Additionally, the 

ferroelectric phase has been stabilized in bulk single crystals of HfO2 stabilized with yttrium, 

demonstrating that ferroelectricity in this material is not limited to thin films.43,44 However, the 

crystallite size was not reported in this work; it is possible that dislocations result in traction of the 

lattice translational symmetry, which results in grain-like features in single crystals. 

 

Oxygen Content 

Another factor shown to impact the stability of the ferroelectric phase and the wake-up and 

fatigue behavior in this material is the concentration and distribution of oxygen vacancies. First-

principles calculations of HfO2 have shown that the incorporation of oxygen vacancies into the 

lattice reduces the total energy of the polar orthorhombic and tetragonal phases in comparison to 

the monoclinic phase.45,46 Oxygen vacancies are also involved in the field cycling behavior of these 

HfO2-based thin films. Charged oxygen vacancies accumulate at electrode interfaces during 

processing105 and redistribute into the bulk of the film during field cycling,49 resulting in a phase 

transformation to the ferroelectric phase48 and domain depinning.106 This process contributes to 

the increase in polarization associated with wake-up.  

Numerous studies have examined the impact of varying oxygen levels during the 

deposition process on the phase composition and ferroelectric properties of HfO2-based 

ferroelectrics. Mittmann et al. discovered that by adjusting the oxygen flow during sputtering from 

a ceramic HfO2 target, the concentration of oxygen vacancies could be controlled. They also 

observed that the polar orthorhombic phase was stabilized in oxygen-deficient films.47 In the case 
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of HfO2 films deposited by ALD, the duration of the oxidant dose during growth was reduced to 

increase the concentration of oxygen vacancies in the films, leading to a suppression of the 

monoclinic phase, and an increase in the polar orthorhombic phase.48 Materano et al. modified the 

oxygen content in PVD and ALD-deposited HfO2 films and found that higher oxygen content 

resulted in the stabilization of the monoclinic phase in both cases.49 Similarly, an increasing 

fraction of the monoclinic phase has been shown to correlate with increasing oxygen content in 

zirconium-50–52 and aluminum-doped53 HfO2 films. 

 

Dopants 

One of the most widely used methods to stabilize the ferroelectric phase in HfO2 is the 

addition of dopants. The first report of ferroelectricity was made on SiO2-doped HfO2 thin films.28 

Since then, a number of cation dopants have been shown to promote ferroelectricity in this 

material, as summarized in Figure 2.9 and Table 2.2. It must be noted that the work highlighted 

in Table 2.2 is not an exhaustive list of the studies that have been done on doped HfO2 thin films; 

rather, they are selected to represent a fraction of the studies that have been done in this field. 

Additionally, they involve a number of different deposition techniques, chemical precursors, film 

thicknesses, electrode materials, annealing conditions, electric field cycling conditions, and 

measurement conditions, complicating direct comparisons between them. However, some general 

observations have been made. 

Stabilization of the ferroelectric phase through the addition of dopants is attributed to a size 

mismatch between the dopant and hafnium cations, resulting in an expansion or contraction of the 

lattice that destabilizes the monoclinic phase.50,54–57 In general, it has been observed that dopants 

with larger ionic sizes result in films with higher remanent polarizations.50,57,58 Additionally, 

dopants have been shown to increase remanent polarizations in comparison to their undoped 

counterparts. Theoretical calculations found the maximum spontaneous polarization for undoped 

HfO2 to range from 52 – 53 μC/cm2,59,60 resulting in a maximum remanent polarization of 

approximately 26 μC/cm2 for a randomly oriented polycrystalline film.61 Experimentally, the 

remanent polarization values of undoped polycrystalline HfO2 films have been reported to range 

from 8 – 10 μC/cm2.47,48,62 For polycrystalline HfO2 films doped with Si, Y, Zr, and La, 

polarizations as high as 25,63 24,64 27,65 and 28 μC/cm256 have been measured. 
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The ideal dopant concentration to achieve a maximum remanent polarization is below 

15 mol% for most of the dopants studied. However, one main exception exists – Zr. The Hf1-xZrxO2 

system displays a maximum remanent polarization at approximately 50 mol% Zr,66 and has been 

shown to exhibit ferroelectricity in a compositional window of 0 < x < 0.8.66–68 In addition to its 

wide compositional window that promotes ferroelectricity, Zr lowers the crystallization 

temperature of the ferroelectric phase.66 This reduction in thermal budget is beneficial for back-

end-of-line (BEOL) compatibility. 

 

 

Figure 2.9: Periodic table of the elements with dopants shown to promote ferroelectricity in HfO2-

based materials shown highlighted in orange. 
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Table 2.2: Review of dopants shown to promote ferroelectricity in polycrystalline HfO2 films 

deposited by chemical solution deposition (CSD) and atomic layer deposition (ALD). 

Dopant Author(s) 
Deposition 

Method 
t (nm) 

Maximum Remanent 

Polarization Observed  

Magnesium Starschich and Boettger58 CSD 42 3 μC/cm2 at 7.5 mol% 

Aluminum 

Starschich and Boettger58 

Müller et al.69 

Polakowski et al. 

CSD 

ALD 

ALD 

42  

16 

12 

3 μC/cm2 at 5.2 mol% 

6 μC/cm2 at 7.1 mol% 

20 μC/cm2 at N/A 

Silicon 

Böscke et al.28 

Yurchuck et al.38 

Richter et al.63 

ALD 

ALD 

ALD 

8.5 

9 

12 & 36 

10 μC/cm2 at 3.1 mol%  

24 μC/cm2 at 4.4 mol% 

24 μC/cm2 at 1.5 mol% 

Cobalt Starschich and Boettger58 CSD 42 3.8 μC/cm2 at 5.2 mol% 

Nickel Starschich and Boettger58 CSD 42 3.8 μC/cm2 at 5.2 mol%  

Gallium Starschich and Boettger58 CSD 42 ~4 μC/cm2 at 5.2 mol%  

Strontium 
Starschich and Boettger58 

Schroeder et al.50 

CSD 

ALD 

42 

10 

12.8 μC/cm2 at 7.5 mol%  

~25 μC/cm2 at ~5 mol%  

Yttrium 
Starschich et al.40 

Müller et al.64 

CSD 

ALD 

45 

10 

13 μC/cm2 at 5.2 mol% 

24 μC/cm2 at 5.2 mol%  

Zirconium 
Müller et al.66 

Lee et al.65 

ALD 

ALD 

9 

10 

17 μC/cm2 at 60 mol% 

24 μC/cm2 at 50 mol% 

Indium Starschich and Boettger58 CSD 42 5.2 μC/cm2 at 5.2 mol%  

Barium Starschich and Boettger58 CSD 42 12.0 μC/cm2 at 7.5 mol%  

Lanthanum 
Starschich and Boettger58 

Schroeder et al.56 

CSD 

ALD 

42 

12 

~14 μC/cm2 at 5.2 mol% 

27.7 μC/cm2 at 10 mol% 

Cerium Zheng et al.70 CSD 78 20 μC/cm2 at 15 mol%  

Neodymium Starschich and Boettger58 CSD 42 ~13 μC/cm2 at 5.2 mol%  

Samarium Starschich and Boettger58 CSD 42 ~14 μC/cm2 at 5.2 mol%  

Gadolinium 
Mueller et al.71 

Schroeder et al.50 

ALD 

ALD 

10 

10 

12 μC/cm2 at 2 mol% 

~25 μC/cm2 at ~5 mol%  

Erbium Starschich and Boettger58 CSD 42 ~13 μC/cm2 at 5.2 mol%  
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Biaxial Stress 

Experimentally, mechanical stress has been correlated with higher polarization responses 

in HfO2-based thin films.72 Computational studies have shown that compressive biaxial and 

hydrostatic stresses increase the stability of the polar orthorhombic and tetragonal phases over the 

monoclinic structure.73–75 Additionally, experimental investigations of stress effects on the 

material have demonstrated that these films possess tensile biaxial stress following thermal 

processing.35,57,72,76–80 These tensile stresses have been correlated with enhanced polarization 

resulting from larger fractions of the ferroelectric phase and alteration of the ferroelectric domain 

structure to yield a preferred orientation with the short, polar b-axis aligned out-of-plane.72,81  

 

Wake-Up and Fatigue 

 In addition to issues with the stability of the ferroelectric phase, HfO2-based ferroelectrics 

have issues with polarization instability during electric field cycling.82 These increases and 

decreases in polarization, known as wake-up and fatigue, respectively,83,84 are hypothesized to 

result from the redistribution and generation of charged oxygen vacancies that occur during 

cycling.84–86 Wake-up has been shown to result from a combination of phase transformations from 

the tetragonal to polar orthorhombic phase,82,87 reductions in the concentration of pinned 

ferroelectric domains,88,89 and ferroelastic domain switching, where domains oriented with their 

polarization in-plane switch out-of-plane.90,91 More recently, Cheng et al. reported that wake-up 

coincided with a phase transformation from the antipolar orthorhombic Pbca phase to the polar 

orthorhombic Pca21 phase rather than from the tetragonal to polar orthorhombic phase. Phase 

transformations and domain depinning during wake-up occur due to an accumulation of oxygen 

vacancies at the electrode interfaces during processing,92 which then redistribute into the bulk of 

the film when an electric field is applied. These oxygen vacancies stabilize the ferroelectric phase 

and cause domain depinning, both of which result in a higher remanent polarization. Fatigue has 

contributions from both phase transformations to the monoclinic phase and a rise in domain 

pinning that reduces the amount of switchable polarization.83,89,93,94  
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2.3.  Summary 

 Ferroelectric HfO2-based thin films are poised to impact the microelectronics industry 

due to their scalability and silicon compatibility, which will enable technologies that were 

limited by conventional ferroelectric thin films. The phase responsible for ferroelectricity in this 

material, the polar orthorhombic Pca21 phase, is metastable, and one of the greatest challenges 

facing this material is understanding how to promote the stability of the ferroelectric phase to 

obtain optimal performance for devices. Factors such as microstructure, oxygen content, dopants, 

and biaxial stress have been shown to affect the stability of the ferroelectric phase; however, the 

interplay of these effects is still under consideration. In the following chapters, these stabilizing 

mechanisms will be evaluated in the context of processing and field cycling of HfO2-based thin 

films to better understand how these factors can be harnessed to overcome the challenges facing 

this material. 
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Chapter 3: Deposition Methods and Process Development 

  

3.4. Motivation 

Two deposition methods were utilized to fabricate ferroelectric HfO2-based thin films in this 

work – atomic layer deposition (ALD) and high-power impulse magnetron sputtering (HiPIMS). 

In this chapter, background information on these deposition methods is discussed. The benefits 

and shortcomings of each technique are identified. Since HiPIMS is a new technique for deposition 

of ferroelectric HfO2, the relevant processing space was explored. Finally, a process for fabrication 

of metal-ferroelectric-metal devices used for electrical characterization is outlined. 

 

3.5. Background on Deposition Methods 

3.5.1. Principles of Atomic Layer Deposition 

Atomic layer deposition (ALD) is a chemical vapor deposition technique that utilizes 

sequential, self-limiting reactions to grow thin films of various materials layer-by-layer. It is 

known to have a high degree of conformality and offers atomic-scale precision growth; for these 

reasons, ALD is commonly used in microelectronic processing.95 A general ALD process is 

illustrated in Figure 3.1. This process consists of sequential alternating pulses of gaseous chemical 

precursors (often metal-organic compounds) that react with the substrate; these reactions between 

the precursors and substrate are known as ‘half-reactions.’ During each half-reaction, a precursor 

is introduced into the process chamber (with pressures in the milliTorr range), where the inorganic 

atom bonds with the inorganically terminated substrate surface, with the organic ligand outwardly 

exposed.96 These half-reactions are self-limiting because they can only react with a finite number 

of reactive sites on the surface; thus, they produce no more than one monolayer. Next, the chamber 

is purged with an inert gas to remove unreacted precursor and the reaction byproducts. The ligand-

terminated surface is then exposed to an additional precursor or oxidant, and the ligand is replaced 

with the new reactant species and a new ligand-terminated surface. This process is repeated for a 

number of cycles to achieve the desired film thickness. 
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Figure 3.1: General ALD process that consists of a precursor dose, a purge to remove unreacted 

precursor and reaction byproducts, an oxidation step, and a purge to remove unreacted oxidant and 

reaction byproducts. This process is repeated until the desired thickness is obtained. 

 

The amount of time the surface is exposed to the precursor is called the ‘dose time,’ and 

the time between doses during which an inert gas flows is called the ‘purge time.’ For successful 

ALD growth, the surface temperature must be high enough for the reactions to take place but lower 

than the degradation temperature of the precursor. Lower temperatures lead to slower growth due 

to reaction rate limitations, while high temperatures result in faster growth but can cause 

decomposition of the precursor. Thus, there is a careful balance between achieving fast growth 

while keeping the limitations of the selected precursor in mind. ALD growths typically occur 

below 350 °C, but the growth temperature is highly precursor-dependent. 

ALD is the most commonly used deposition technique used for the fabrication of 

ferroelectric HfO2-based thin films. In addition to its precise thickness control, HfO2 is grown by 

ALD in semiconductor fabrication foundries for use as a high-κ dielectric.25 For deposition of 

ferroelectric hafnium zirconium oxide (HZO) thin films, Tetrakis(ethylmethylamido)hafnium 

{Hf[N(CH3)(C2H5)4], abbreviated as TEMA-Hf} or tetrakis(dimethylamino)hafnium 

{Hf[N(CH3)2]4, abbreviated as TDMA-Hf}, and Tetrakis(ethylmethylamido)zirconium 

{Zr[N(CH3)(C2H5)4], abbreviated as TEMA-Zr} or tetrakis(dimethylamino)zirconium 
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{Zr[N(CH3)2]4, abbreviated as TDMA-Zr}, are typically used as the HfO2 and ZrO2 precursors, 

respectively. However, a wide range of precursors have been investigated for the deposition of this 

material.97 Compositions are controlled by varying the ratio of Hf to Zr precursor cycles within a 

super cycle. For example, a super cycle can consist of 8 cycles of HfO2 and 2 cycles of ZrO2; this 

super cycle is repeated until the desired thickness is attained. It should be noted that different 

materials have different growth rates, so this should be considered when determining precursor 

ratios in substituent films. Oxidants used for these depositions include deionized water,45,98,99 

gaseous100 and plasma oxygen,100–102 ozone,103,69,104,48,53 and hydrogen peroxide.105 Of these 

oxidants, plasma oxygen and ozone have enhanced reactivity which can enable lower deposition 

temperatures.106,107 

 

3.5.2. Atomic Layer Deposition of Ferroelectric HfO2-based Thin Films 

The details for ALD depositions of HZO films shown in this work are as follows. ALD 

depositions were performed on an Oxford FlexAL II ALD system, shown in Figure 3.2. 

Depositions were performed with a table temperature of 260 °C. TEMA-Hf and TEMA-Zr were 

used as the HfO2 and ZrO2 precursors, respectively. TEMA-Hf was stored at 70 °C, and TEMA-

Zr was stored at 85 °C. During the HfO2 and ZrO2 cycles, the pulse times were 1.0 and 1.5 seconds. 

An oxygen plasma was used as the oxidant, with 15 mTorr of oxygen pressure, and 250 and 300 W 

of power were used for HfO2 and ZrO2 cycles, respectively. Long purge times of 90 seconds were 

used between precursor cycles since long purge times have been shown to improve ferroelectric 

phase fractions.98 X-ray reflectivity was used to determine the growth rates for HfO2 and ZrO2, 

which were 1.1 Å/cycle and 1.2 Å/cycle, respectively. 
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Figure 3.2: Oxford FlexAL II ALD system used for deposition of HZO thin films. 

 

3.5.3. Plasmas for Thin Film Growth 

 The term ‘plasma’ was first introduced by Irving Langmuir in 1928 to describe the behavior 

of ionized gases in a high-current vacuum tube.108 Plasma is a distinct state of matter consisting of 

a significant number of electrically charged particles. In a normal gas, atoms are electrically 

neutral. A gas can become a plasma when the addition of energy causes a significant number of 

atoms to lose some or all of their electrons, resulting in positively charged ions and the freed 

electrons. When there are a sufficient number of ionized atoms to significantly affect the electrical 

characteristics of the gas, it is considered a plasma. Overall, plasmas are neutral, or quasi-neutral, 

because they contain roughly equal numbers of positive and negative charges.109 

 Plasma science underlies a vast number of technological applications in many industries, 

including the microelectronics, automotive, and medical device industries. Today, plasmas are 
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widely used for material processing in semiconductor and thin film applications. These 

applications include physical vapor deposition (PVD) and plasma-enhanced chemical vapor 

deposition (CVD), both of which are utilized for the fabrication of HfO2 thin films in this work. 

PVD describes a number of vacuum deposition methods in which physical means, like sputtering 

or evaporation, are used to remove atoms from a solid and deposit those atoms on a substrate to 

form a thin film. In comparison, CVD techniques involve chemical reactions of gases to form a 

thin film; however, plasma-enhanced CVD utilizes a plasma of the reacting gases. 

 

3.5.4. Principles of Sputtering 

Sputtering is one example of PVD that involves ejecting atoms from a solid material by 

bombarding the target surface with energetic particles. A brief description of the sputtering process 

is as follows: 

1. A substrate is placed in a vacuum chamber that contains a target made of the material being 

sputtered. 

2. The chamber is evacuated and then filled with a process gas. 

3. The gas is ionized with a positive charge, creating a plasma. 

4. The resulting ions are strongly attracted to the target, which carries a negative charge. 

5. As the ionized gas ions impact the target, target atoms are physically removed from the 

target and some of these removed atoms land on the substrate. 

In conventional diode sputtering, electrons are created that escape the effective plasma area near 

the target. In order to overcome this issue, Chapin introduced the first planar magnetron sputtering 

device in 1974.110 In magnetron sputtering, magnets are placed behind the target to capture 

escaping electrons and confine them close to the target. This increases the density of the ionized 

atoms that hit the target, resulting in faster deposition rates. A schematic diagram of a typical setup 

for magnetron sputtering is shown in Figure 3.3. 

 First, the chamber is evacuated to high vacuum to create a low-pressure environment for 

sputtering and minimize contaminants. The sputtering gas is flowed into the chamber, and the total 

pressure is regulated. Due to its high atomic weight, argon is commonly used as a sputtering gas, 

and the total pressure is typically in the milliTorr range. To ignite the plasma, a high voltage is 

applied between the cathode behind the sputter target and the anode, which is connected as an 

electrical ground. Electrons in the sputtering gas are accelerated away from the cathode and collide 
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with nearby atoms of the sputtering gas, ionizing these gas atoms. The strong magnets behind the 

sputter target confine the electrons close to the target surface to increase the plasma density.111 The 

positively charged ions are accelerated towards the negatively charged cathode, resulting in 

collisions with the target. These high-energy collisions cause atoms from the target surface to be 

ejected. Some of these target atoms have enough kinetic energy to reach the surface of the substrate 

and are deposited as a thin film of material on the substrate. For a reactive sputtering process, gases 

like oxygen and nitrogen can be introduced into the chamber during film growth to produce oxide 

and nitride films 

 

Figure 3.3: Schematic diagram of magnetron sputtering. 

 

3.5.5. Pulsed DC Magnetron Sputtering and High-Power Impulse Magnetron Sputtering 

Conventional magnetron sputtering utilizes either direct current (DC) or radio frequency 

(RF) power, the choice of which typically depends on the target material's resistivity. DC 

sputtering is commonly used for metallic targets, while ceramic and other high-resistivity targets 

are used in conjunction with RF sputtering. RF sputtering can be used to deposit insulating 
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materials (i.e., oxides) from an insulating target or via reactive sputtering. However, RF sputter 

rates are low in comparison to DC sputtering. Reactive DC sputtering can be challenging because 

as the deposition proceeds, areas on the target become covered with an insulating layer in a process 

known as ‘target poisoning.’ This target poisoning leads to charge accumulation until breakdown 

occurs in the form of an arc. These arcs can produce droplets of material which can cause defects 

in the film.112 Target poisoning also leads to reduced deposition rates because the chemical bonds 

in compounds are typically stronger than metal atom bonds.113  

Within the past 20 years, pulsed DC sputtering has become more common due to its ability 

to overcome the challenges associated with reactive sputter deposition of insulating films.114 

During the pulsed DC sputtering process, a negative bias is applied at frequencies ranging from a 

few to several hundred kHz. Between pulses, a positive reverse bias is applied to remove any built-

up charge that accumulates on the surface of the target, thus preventing target poisoning.112 In 

addition to its benefits for reactive sputtering, pulsed DC sputtering allows for more control of 

plasma dynamics through the duty cycle and power applied to the target. These parameters enable 

access to a wider range of plasma densities and ion bombardment energies, which can enable 

deposition of films with high densities and low roughness. 

One variation of pulsed DC sputtering that was developed by Kouznetsov et al. in the late 

1990s is high-power impulse magnetron sputtering, or HiPIMS (sometimes referred to as 

HPPMS).115 In HiPIMS, low duty cycle (<10 %), high-power pulses (with power densities of 

several kW/cm2) are applied to the sputter target to produce dense plasmas with a high degree of 

sputtered atom ionization.116  HiPIMS pulse widths can range from 20 to 500 μs with repetition 

rates of 50 to 5000 Hz. To distinguish HiPIMS from other pulsed magnetron deposition techniques, 

Anders defines HiPIMS as pulsed magnetron sputtering in which the peak power exceeds the time-

averaged power by approximately two orders of magnitude.117 To further compare HiPIMS with 

other pulsed DC sputter techniques, Figure 3.4 shows the duty cycle versus peak power density at 

the target for traditional pulsed DC sputtering, modulated pulsed power (MPP) sputtering, and 

HiPIMS. MPP refers to a pulsed sputtering technique in which the pulse is modulated such that in 

the initial stage (a few hundred microseconds), the power level is moderate, followed by a high-

power pulse (a few hundred microseconds up to a millisecond). Above the DC power limit, the 

higher peak power densities must be compensated for by a lower duty cycle to avoid the target 

damage range.  
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Figure 3.4: Duty cycle vs. peak power density for different sputtering regimes, including pulsed 

DC, modulated pulsed power (MPP), and high-power impulse magnetron sputtering (HiPIMS). 

The dashed line indicates the DC sputter limit, or target damage threshold. Adapted from 

Gudmundsson et al.116 

 

 HiPIMS offers several potential advantages over conventional sputtering techniques. 

First, the directionality and energy of the depositing species can be controlled through the use of 

a substrate bias because of the high degree of ionization of both the sputter gas and target 

material.118,119 Additionally, the energetic bombardment during the film growth facilitates the 

growth of films with superior properties in comparison to those deposited by conventional 

magnetron sputtering techniques. For example, HiPIMS has been used to obtain denser 

films,120,121 tailor film microstructure,122–126 and improve the mechanical123,127,128 and electrical 

properties of thin films.129–131  
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3.5.6. Control of Microstructure by HiPIMS 

To better understand how HiPIMS can impact microstructure, the structure zone diagram 

(SZD), sometimes referred to as the structure zone model, can be examined. The SZD is a 

qualitative graphical representation that illustrates the relationship between the deposition 

conditions and the resulting microstructure of thin films. The first structure zone model was 

published by Movchan and Demichishin in 1969 and was based on trends seen in the 

microstructure of thick evaporated coatings of Ti, Ni, W, ZrO, and Al2O2.
132 The only parameter 

in this SZD was the homologous temperature (Th), defined as the film growth temperature 

normalized by the melting temperature of the deposited film material. Movchan and Demchishin 

identified three main zones: fine-grained structure, columnar growth, and coalescence. In the zone 

of fine-grained structure (Th < 0.3), films exhibit small textured grains with a significant amount 

of pores at grain boundaries. In the columnar growth region (0.3 < Th < 0.5), films have a columnar 

microstructure, with grains growing perpendicular to the substrate. Finally, in the zone of 

coalescence (Th > 0.5), the grains are large and well-connected, resulting in a continuous film. In 

1974, Thornton expanded the model to magnetron-sputtered metal films; this SZD had axes of 

argon pressure and substrate temperature.133 Since then, the SZD has evolved and expanded as 

new deposition technologies have been developed. 

In 2010, Anders proposed an extended SZD that includes energetic deposition that is 

relevant for HiPIMS.134 This SZD is shown in Figure 3.5. The proposed extended SZD has three 

axes: generalized homologous temperature (T*), a normalized kinetic energy flux (E*), and the net 

film thickness (t*). The generalized homologous temperature accounts for the film growth 

temperature normalized by the melting temperature of the deposited film material. The normalized 

kinetic energy flux represents the displacement and heating effects caused by the kinetic energy of 

bombarding particles. Lastly, the net film thickness can be negative due to ion etching. Anders 

stresses that the number of primary physical parameters affecting growth exceeds the number of 

available axes in the SZD, so it can only provide an approximate and simplified illustration of the 

growth condition-structure relationships. This SZD consists of four main zones, shown in Figure 

4.5. While distinct boundaries are shown in this SZD, in reality, the boundaries are gradual. 

Additionally, the axis values are provided for orientation purposes; the actual values depend on 

the material and many other conditions. 
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Figure 3.5: Adaptation of the extended structure diagram proposed by Anders.134 Axis values are 

provided for orientation reference and do not represent quantitative values. The black rectangle 

represents the region targeted for the HiPIMS depositions of HfO2.  

  

The microstructure of a thin film is primarily determined by bulk and surface diffusion 

processes that are affected by the deposition temperature and energetic bombardment.135  

Conventional magnetron sputtering has limitations in accessing different regions of the SZD due 

to the relatively low ionization and energy of the sputtered particles. However, HIPIMS generates 

high-density plasma pulses by applying short, high-power pulses to the sputtering target. These 

pulses lead to a significant increase in the ionization of the sputtered species, resulting in a higher 

flux of energetic ions bombarding the growing film. This increased ionization and ion energy 

provide more kinetic energy to the atoms during deposition, facilitating the growth of denser films. 

Additionally, the ionization can be controlled by varying the pulse parameters, such as pulse 

duration, frequency, and voltage. By optimizing these parameters, the ion energy and flux can be 

tailored, enabling precise control over the film's microstructure and properties. This level of control 

allows for the deposition conditions necessary to access specific regions of the SZD that were 
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previously difficult to achieve using conventional sputtering techniques. Furthermore, the 

increased ion energy assists in the formation of smaller grains with reduced columnar growth since 

the high-energy ions can break up the columnar structure and promote the growth of smaller grains 

with more random orientations. As a result, HIPIMS allows for deposition conditions that favor 

the zone of fine-grained, nanocrystalline structure. 

 

3.6. HiPIMS Deposition of Ferroelectric HfO2-Based Thin Films 

As previously mentioned, ALD is the most common technique used to deposit ferroelectric 

HfO2-based thin films. These films are typically amorphous as-deposited and must be annealed at 

an elevated temperature to form the ferroelectric phase. The stochastic nature of nucleation results 

in films with a broad grain size distribution37 and are typically multi-phase. Because conventional 

thermal ALD has few adjustable parameters, controlling microstructure using this method is 

difficult. Additionally, ALD-prepared films possess carbon impurities from residual precursor 

ligands, which may affect the ferroelectric properties of the films.103,104,136 

Therefore, other deposition techniques, such as physical vapor deposition (PVD) methods, 

which offer greater freedom in engineering deposition conditions, are promising candidates for the 

preparation of ferroelectric hafnia. To date, several reports on the PVD of HfO2 have been made. 

Olsen, et al. reported ferroelectricity in Y-doped HfO2 prepared by co-sputtering from HfO2 and 

Y2O3 sources via RF sputtering,137 Mittmann, et al. demonstrated ferroelectricity in undoped HfO2 

films varying in thickness from 8-40 nm deposited by RF sputtering,47 and Mimura, et al. 

demonstrated ferroelectricity in epitaxial Y-doped HfO2 films deposited by RF sputtering at room 

temperature.138 Still, these studies, among others,51,139–142 leave room for exploration of this film 

preparation approach. 

HiPIMS has been shown to be effective for reactive oxide synthesis of ZrO2,
143 TiO2,

144 

ITO,144 VO2,
145,146, CdO,147 and SiO2.

148 While HiPIMS has been used for deposition of 

nanocrystalline HfO2 films for optical coating applications149 and amorphous HfO2 for electronic 

applications,150 it has not been applied to ferroelectric HfO2 thin films before this work. The high 

degree of sputtered atom ionization made possible by HiPIMS is beneficial for ferroelectric HfO2, 

where grain size has been tied to phase stability. As described previously, HiPIMS enables access 

to regions of the structure zone diagram where equiaxed nanocrystalline microstructures result, 

whereas traditional sputtering techniques are restricted to regions of columnar microstructure and 
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thus are limited in their ability to control grain size.134 As an example, a comparison between CrN 

films prepared by DC sputtering and HiPIMS reveals a transition from a porous columnar 

morphology for the DC sputtered film to a uniform, dense, nanocrystalline structure for the 

HiPIMS film.151 Further, HiPIMS offers a number of controllable process parameters such as pulse 

power, pulse duration, background pressure, and gas atmosphere that all impact depositing species 

energy and are not accessible using conventional ALD or PVD processes. 

 

3.6.1. Sputter System and Deposition Details 

A custom 460 mm diameter spherical stainless steel vacuum chamber (Figure 3.6) with 

balanced 2” MeiVac MAK magnetron sputter guns was used for all depositions. The load-locked 

chamber was evacuated using a turbomolecular pump backed by a rotary vane pump. The base 

pressure of the system ranged from 2 x 10-7 to 7 x 10-7 Torr. The source-to-substrate distance was 

80 mm, and the gun-to-substrate angle was 45°. Gas flow was controlled by Alicat Scientific mass 

flow controllers, and the total process pressure was controlled by a conductance flow valve located 

in front of the turbomolecular pump. HfO2 films were reactively sputtered from a 2” diameter 

hafnium metal target of 99.9% purity, with a mixture of Ar and O2 gases in the plasma. For HiPIMS 

depositions, a Starfire Impulse HiPIMS power module was used in conjunction with a DC power 

supply to deliver square voltage pulses. The HiPIMS current and voltage waveforms were 

monitored by an oscilloscope connected to the Starfire module.  
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Figure 3.6: Sputter system used for HiPIMS depositions of HfO2-based thin films. 

 

3.6.2. HiPIMS Process Development 

To begin developing a process for HiPIMS deposition of HfO2, the process space was 

explored. Three main parameters were identified – pulse width, pulse frequency, and gas 

atmosphere. Figure 3.7 shows the effects of (a) pulse width, (b) pulse frequency, and (c) gas 

atmosphere on the instantaneous plasma voltage and current during a HiPIMS deposition of HfO2 

under constant average power conditions. It is shown that stable plasma can be obtained with a 

wide range of plasma oxygen concentrations, calculated by dividing the O2 flow rate by the O2 + 

Ar flow rate. For a given plasma oxygen concentration, pulse duration, and frequency are directly 

correlated to target poisoning, with short pulses or low frequencies resulting in poisoning. 

Figure 3.7(a) shows the waveforms for a pulse duration series with a 4.8 % oxygen content in the 

background pressure at 200 Hz for pulse durations between 20 and 60 μs after 2 minutes of 

deposition. The non-saturating current for the 20 μs pulse duration is indicative of target poisoning, 
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in which an oxide forms on the surface of the hafnium target.152 Longer pulse durations result in 

saturation of the current, which is typical of self-sputtering of a metallic target during HiPIMS. 

These results suggested that pulse widths above 20 μs at this oxygen content could be used for the 

deposition of HfO2. 

Figure 3.7(b) shows the voltage and current waveforms for a fixed pulse duration of 40 μs 

with a 4.8 % O2 gas composition with the pulse frequency varied between 100 and 300 Hz after 

2 minutes of deposition. The lowest frequency displays evidence of target poisoning with a non-

saturating current during the pulse and voltage oscillation after the removal of the bias. Combined, 

these data suggest that as the time between pulses increases, oxidation of the target occurs, leading 

to a poisoned state. Figure 3.7(c) shows the voltage and current waveforms for a 40 μs pulse at 

200 Hz as the oxygen content was varied between 4.8 and 9.1 % at a fixed total pressure of 

5 mTorr. The current waveforms saturate in every case, suggesting that the target remains 

unpoisoned throughout. Target poisoning should be avoided because it results in instabilities in 

the plasma, which affect the deposition. These data indicate that relatively high plasma oxygen 

concentrations can be utilized to prepare oxidized deposits while avoiding target poisoning.  

 

 

Figure 3.7: Instantaneous plasma current and voltage waveforms during HiPIMS depositions of 

HfO2 with varied (a) pulse width, (b) pulse frequency, and (c) oxygen content in the plasma. 

 

 Based on these results, thick films (< 100 nm) were prepared with a 40 μs pulse width, 

200 Hz frequency, and varied oxygen content. These films were not annealed. The θ-2θ XRD 

patterns are shown in Figure 3.8. The high intensity peak at approximately 69° in 2θ is the Si (004) 

reflection. Low oxygen content (i.e., 4.8% and 7.7% by flow ratio) results in XRD peaks 
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attributable to non-ferroelectric monoclinic phases. Increasing the oxygen content to 8.0, 8.4, and 

8.8% results in XRD peaks that are consistent with orthorhombic or tetragonal phases or mixtures 

thereof. Further increases in oxygen content in the sputter gas result in a broad peak centered at 

~34° in 2θ, which could be attributed to a proto- or nano-crystalline phase. These results 

highlighted the importance of oxygen content for controlling the phase composition in these films. 

 

Figure 3.8: θ-2θ X-ray diffraction patterns for thick HfO2 films deposited by HiPIMS with a 40 μs 

pulse width, 200 Hz pulse frequency, and varying oxygen content. The indices for the tetragonal, 

polar orthorhombic, and monoclinic phases are shown below the data. 

 

Next, thinner films (estimated to be approximately 20 to 40 nm in thickness) were 

prepared using a 40 μs pulse width, 200 Hz pulse frequency, and intermediate oxygen content. 

GIXRD patterns are shown in Figure 3.9. Again, low oxygen content results in a diffraction 
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peak in a location most similar to the monoclinic phase. Increased oxygen content results in a 

peak that can be indexed to either the orthorhombic phase or the tetragonal phase.  

 

Figure 3.9: Grazing-incidence X-ray diffraction patterns for HfO2 films (approximately 20-40 nm 

thick) deposited by HiPIMS with a 40 μs pulse width, 200 Hz pulse frequency, and varying oxygen 

content. The indices for the tetragonal, polar orthorhombic, and monoclinic phases are shown 

below the data. 

 

A rapid thermal anneal was performed for a 9 nm thick film prepared with a 40 μs pulse 

width, 200 Hz pulse frequency, and 6.3% oxygen background content at 600 °C for 30 s in an N2 

atmosphere to observe changes to phase assemblage; the GIXRD pattern for this film before and 

after annealing is shown in Figure 3.10. Before annealing, no peaks are present, suggesting that 

the film has large amorphous volume fractions as-deposited. After annealing, a peak forms at 

approximately 30.5°. The crystalline phase that develops has a peak position that is consistent 

with a ferroelectric orthorhombic or non-ferroelectric tetragonal phase. These results suggest that 

thinner films require annealing and are not crystalline as-deposited. 
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Figure 3.10: Grazing-incidence X-ray diffraction patterns for a 9 nm thick HfO2 film before and 

after rapid thermal annealing at 600 °C in N2 for 30 s. The indices for the tetragonal, polar 

orthorhombic, and monoclinic phases are shown below the data. 

 

3.6.3. HiPIMS Pulse Width and Plasma Oxygen Content 

 To further understand the effects of HiPIMS pulse width and oxygen content, a number 

of films were deposited with pulse widths varying from 50 to 140 μs, plasma oxygen content 

ranging from 6.7 to 9.6%, and pulse frequency constant at 200 Hz. For each pulse width of 50, 

80, 110, and 140 μs, a ‘low,’ ‘medium,’ and ‘high’ plasma oxygen content was chosen, as shown 

in Table 3.1; the instantaneous power calculated from the current and voltage waveforms is 

shown on the top row. Overall, lower pulse widths required lower plasma oxygen content to 

avoid target poisoning since target poisoning occurs during the ‘off state’ of the plasma, and 

shorter pulses have longer off times. A high oxygen content could not be achieved for the 50 μs 

condition due to target poisoning. Each of these films was rapid thermal annealed at 800 °C in 

Ar for 30 s to crystallize the films. The resulting GIXRD patterns are shown in Figure 3.11. Two 
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conditions result in higher fractions of the monoclinic phase – lower pulse widths and higher 

plasma oxygen content. 

 

Table 3.1: HfO2 films deposited with 50, 80, 110, and 140 μs pulse widths and the corresponding 

‘low,’ ‘medium,’ and ‘high’ plasma oxygen content for each one. The top row shows the 

instantaneous power calculated from voltage and current waveforms. 

 21.5 kW 14.1 kW 12.2 kW 11.5 kW 

 50 μs 80 μs 110 μs 140 μs 

6.7% O2 Low    

7.1% O2 Medium    

7.4% O2  Low Low  

7.6% O2  Medium Medium  

8.0% O2  High High Low 

8.8% O2    Medium 

9.6% O2    High 
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Figure 3.11: Grazing-incidence XRD patterns for 20 nm thick HfO2 films deposited by HiPIMS 

with varying pulse widths and plasma oxygen content. Monoclinic phase fractions increase as 

pulse width decreases and plasma oxygen content increases. 

 

 

Figure 3.12: Polarization-electric field measurements after field cycling for 20 nm thick HfO2 

films deposited by HiPIMS with varying pulse widths and plasma oxygen content. 
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 The corresponding polarization-electric field (P(E)) measurements are shown in 

Figure 3.12. The films were cycled with 5000 3 MV/cm square waves at 1 kHz. At the lower pulse 

widths, the films primarily show linear dielectric behavior due to the dominating non-ferroelectric 

monoclinic phase present. At the higher pulse widths, the hysteresis loops open up and exhibit a 

ferroelectric response typical of the orthorhombic phase. Since HiPIMS parameters in this 

processing space demonstrated the ability to affect phase composition and electrical properties, 

these conditions were explored further and the results are shown in Chapters 5 and 7. 

 

3.6.4. Challenges Associated with Reactive HiPIMS Deposition of HfO2-Based Thin Films 

 HiPIMS has been introduced as a means to control phase constitution, microstructure, and 

ferroelectric properties in HfO2 thin films through various deposition parameters. However, the 

inability to monitor changing target composition, and thus, changing plasma composition, over 

time has resulted in difficulties in reproducibility. More specifically, identical deposition 

conditions have resulted in different film properties. 

 Figure 3.13 shows GIXRD patterns of 20 nm HfO2 films deposited under identical 

conditions at different periods of time. Over the course of time, the films go from containing only 

orthorhombic and/or tetragonal phases to containing primarily monoclinic phase. The increase in 

the monoclinic phase present suggests that the films have increasing oxygen content over time, 

likely due to the incorporation of oxygen into the target. Different strategies to combat this issue 

were attempted. These include monitoring voltage and current waveforms and pre-sputtering and 

post-sputtering the target in Ar to remove oxide build-up on the surface. However, none of these 

strategies proved effective for reproducibility purposes. Due to these issues, ALD was shown to 

be a more reliable deposition method to fabricate ferroelectric HfO2-based thin films. Although 

conventional ALD does not offer process parameters that can be used to control the energy of the 

depositing species like HiPIMS, other approaches can be used. One such approach is the use of 

ion bombardment, which is examined in Chapter 9. 
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Figure 3.13: GIXRD patterns for 20 nm thick HfO2 films deposited with identical deposition 

conditions, deposited between August 2020 and May 2021. 

 

3.7. Metal-Ferroelectric-Metal Capacitor Structures 

Metal-ferroelectric-metal (MFM) capacitor structures are often used to measure the 

electrical properties of ferroelectric HfO2-based thin films. These structures are fabricated by 

depositing a bottom electrode material like tantalum nitride (TaN) or tungsten on a substrate 

(typically silicon), followed by the ferroelectric layer, and then a top electrode. Then, the stack is 

rapid thermal annealed, contacts are deposited, and the top electrode is etched to reveal individual 

capacitors, as shown in Figure 3.14.  
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Figure 3.14: Process flow for fabrication of a metal-ALD ferroelectric-metal capacitor structure 

used for electrical characterization of ferroelectric HfO2-based thin films. 

 

Two deposition methods were used for the fabrication of HfO2 and HZO thin films in this 

dissertation – ALD and HiPIMS, which were discussed in the previous sections. It should be noted 

that this process flow differed slightly for capacitor stacks using HiPIMS-deposited HfO2 films. 

In this case, a blanket top electrode deposition was not performed. Rather, the top electrode (TiN) 

and contact material were both deposited through the shadow mask after the RTA process, and no 

SC-1 etch was performed. 

 

3.7.1. Substrate, Electrode, and Contact Materials 

 The substrate used for the depositions shown in this work is (001)-oriented p-type silicon 

substrates. Tantalum nitride, titanium nitride, palladium, and platinum sputter deposition processes 

were developed to use as electrode and contact materials. The sputter system and sputter guns 

described above were used for all depositions. Direct current (DC) magnetron sputtering with an 

Advanced Energy MDX 1.5K DC power supply was used for these depositions. Details about the 

deposition conditions for each electrode/contact material are shown in Table 3.2. 
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Table 3.2: Deposition details and conditions for electrode and contact materials used for MFM 

capacitors. 

Material Target 

Target Power 

Density 

Deposition 

Pressure Gas Flow 

TaN TaN, 99.5% pure, 

sintered 2”  

(Kurt J. Lesker) 

3.31 W/cm2 5 mTorr 20 sccm Ar 

TiN Ti, 99.9% pure, 2” 

(Kurt J. Lesker) 

7.40 W/cm2 0.9 mTorr 5 sccm Ar, 

1 sccm N2 

Pd Pd, 99.9% pure, 2” 

(Kurt J. Lesker) 

3.31 W/cm2 5 mTorr 20 sccm Ar 

Pt Pt, 99.99% pure, 2” 

(Kurt J. Lesker) 

3.31 W/cm2 5 mTorr 20 sccm Ar 

 

In addition to TaN sputtered at UVA, TaN was provided by Sandia National Labs. This 

TaN was prepared on Si by pulsed DC magnetron sputtering (30 kHz, 4 µs reverse time) from a 

TaN target within a Denton Discovery 550 system. All HiPIMS depositions described in this work 

utilize this TaN. 

Contacts were deposited through a shadow mask using one of the two mask designs shown 

in Figure 3.15. 
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Figure 3.15: Shadow mask designs used to pattern contacts onto HfO2-based thin films. 

 

3.7.2. Rapid Thermal Anneal 

 Since films deposited by ALD and HiPIMS were amorphous as-deposited, an annealing 

step was necessary to crystallize them. An Allwin21 AccuThermo 610 Rapid Thermal Processor 

was used to perform a rapid thermal anneal, which is commonly used to crystallize HfO2-based 

thin films. These 30 s anneals ranged in temperature from 600 to 800 °C with ramp rates from 50 

to 67 °C/s and were performed in argon or nitrogen environments at atmospheric pressure. 

Undoped HfO2 films deposited by HiPIMS required higher temperature anneals to obtain the 

ferroelectric phase (750 – 800 °C) in comparison to HZO films deposited by ALD, for which 

annealing at a temperature of 600 °C was sufficient. 

 

3.7.3. SC-1 Etch 

For films with ALD ferroelectric layers, an SC-1 etch was used following the deposition 

of Pd or Pt top contacts through the shadow mask. These contacts acted as a hard mask so that the 

blanket top electrode layer could be removed by the etch, resulting in defined capacitors. This etch 

consists of a 1:1:5 volumetric ratio of NH4OH (30% in water), H2O2 (30% in water), and deionized 

water. A typical etch procedure is described as follows. 40 mL of deionized water was added to a 

400 mL beaker. The deionized water was heated to 45 °C, as measured by a thermometer. 8 mL 
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of H2O2 was added to the beaker, followed by 8 mL of NH4OH once the temperature reached 55 

°C. The samples were added to the beaker, and the temperature was monitored so that it stayed 

between 55 and 60 °C. The etch rate was approximately 2.3 nm/min. Following the etch, the 

sample was removed and thoroughly rinsed with deionized water. 

 

3.8. Summary 

 This chapter details the methods used for the deposition of HfO2-based thin films and the 

processing conditions used to fabricate metal-ferroelectric-metal capacitor structures for electrical 

characterization. A brief overview of the underlying principles of atomic layer deposition and 

sputtering is provided. High-power impulse magnetron sputtering is introduced as a new method 

that can be used to control the energy and ionization of the depositing species, allowing access to 

previously inaccessible regions of microstructure on the structure zone diagram. The process 

development for HiPIMS deposition of HfO2 is discussed, and the processing space relevant for 

deposition of this material is highlighted. 
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Chapter 4: Characterization of HfO2 Thin Films 
  

4.1.  Motivation 

Understanding ferroelectricity in HfO2-based thin films relies upon a combination of 

structural, chemical, and electrical characterization techniques. In this chapter, characterization 

techniques used throughout this work are described. These techniques include grazing incidence 

X-ray diffraction (GIXRD), X-ray reflectivity (XRR), sin2ψ stress analysis, X-ray photoelectron 

spectroscopy (XPS), scanning electron microscopy (SEM), atomic force microscopy (AFM), 

transmission electron microscopy (TEM), Fourier Transform Infrared Spectroscopy (FTIR), and 

several electrical characterization techniques. 

 

4.2.  Grazing-Incidence X-ray Diffraction 

X-ray diffraction (XRD) is a characterization technique that can be used to determine the 

crystal structure of a material. The basic principle behind XRD involves an X-ray source that emits 

X-rays of a specific wavelength. X-rays are used because their wavelength is typically of the same 

order of magnitude as the d-spacing between planes of a crystal. Many lab-based diffractometers 

use a copper source, resulting in Cu Kα radiation with a wavelength of 1.5406 Å. The incident X-

rays are collimated, and the beam is directed at the sample being analyzed. In crystalline materials, 

the X-rays interact with the lattice where they constructively and destructively interfere. Bragg’s 

Law defines the angles at which constructive interference occurs as 

nλ = 2dsinθ, 

where n is the order of reflection, λ is the wavelength of the beam, d is the spacing between 

diffracting planes, and θ is the diffraction angle.153 This constructive interference produces a 

pattern that is collected on a detector and is presented as a series of peaks that correspond to the 

structure of the material. Since each peak corresponds to a specific interference condition, often, a 

peak or combination of peaks can be used to identify the phases present in a film. The relative 

intensities of the peaks provide information about the amounts of each phase present in the 

material, and the full width at half maximum (FWHM) of the peaks can be used in the Scherrer 

equation to calculate crystallite size.154 The Scherrer equation is as follows: 

τ = 
Κλ

β cos θ
 , 
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where τ is the mean size of the crystallites, Κ is a dimensionless shape factor, λ is the X-ray 

wavelength, β is FWHM, and θ is the Bragg angle. Instrumental broadening effects can be 

corrected for using a standard; in this work, Standard Reference Material® 660c lanthanum 

hexaboride powder155 from the National Institute of Standards and Technology was used. 

Although X-ray diffraction of crystals is over 100 years old, the instrumentation used for 

these measurements is constantly evolving, allowing for new geometries that enable a wider range 

of applications. Due to the small volume of material available in thin films, XRD techniques that 

maximize signal from the film and minimize background intensity must be used. One such method 

is grazing-incidence X-ray diffraction (GIXRD), developed by Marra, Eisenberger, and Cho in 

1979.156 GIXRD is a surface-sensitive X-ray diffraction technique that utilizes a small fixed 

incident angle beam (close to the critical angle, typically < 1.5°) to limit penetration depth and 

optimize intensity from the film. At incidence angles higher than a few degrees, the intensity of 

X-rays within a material is given by  

 I = I0 exp (-
μz

sin ω
) , 

where I is the intensity of the X-rays within the material, I0 is the intensity at the surface, μ is the 

linear absorption coefficient, which depends on the composition and density of the material, z is 

the distance from the surface, and ω is the incident angle. The depth at which I is at 1/e of its I0 

value, z1/e, is defined as 

z1/e = 
sin(ω)

μ
. 

However, at incidence angles less than a few degrees, the above relationships are not valid. 

The refractive index of solids at X-ray wavelengths is slightly less than 1, so at these low incidence 

angles, refraction is significant, and total external reflection (TER) occurs at a critical angle. At 

incident angles at or below the critical angle, TER will occur, and the X-rays will not penetrate 

into the bulk of the material. Additionally, close to the critical angle, the positions of the XRD 

peaks shift as a result of the refraction of the incident X-rays.157 This peak shift is evident in Figure 

4.1, which shows the GIXRD patterns from a 20 nm thick hafnium zirconium oxide (HZO) film 

that contains multiple phases. As the incident angle is decreased from 2° to 0.4°, the peaks shift to 

a higher 2θ angle. However, the intensity of the peaks also increases as the incident angle is 

decreased from 2° to 0.4° because there is more signal from the film at lower angles. Thus, a 
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balance between maximizing signal intensity and minimizing peak shift should be considered 

when selecting an incident angle for GIXRD measurements. 

 

Figure 4.1: GIXRD patterns as a function of incident angle (ω) collected from a 20 nm thick HZO 

thin film. As the incident angle is increased, a shift in peak position is observed. 

 

For GIXRD measurements shown in this dissertation, an incident angle of 0.7° was used 

to maximize signal intensity and minimize peak shifts. Two diffractometers were utilized – a 

Rigaku SmartLab and a Panalytical Empyrean. For most measurements, a 2θ range of 26-33° was 

selected due to the presence of 100% intensity reflections of the monoclinic P21/c phase, tetragonal 

P42/nmc phase, antipolar orthorhombic Pbca, and orthorhombic Pca21 phase in this range. An 

example GIXRD pattern collected from an HZO film that contains a mixture of the ferroelectric 

and non-ferroelectric phases is shown in Figure 4.2. The peaks at approximately 28.5 and 31.6° 

are the (1̅11) and (111) monoclinic reflections. The peak at approximately 30.7° presents 

challenges in indexing due to similar d-spacings of the orthorhombic and tetragonal phases; 

therefore, it is not possible to distinguish if this peak results from the tetragonal phase, either 

orthorhombic phases, or a combination of these phases. 
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By fitting these peaks using LIPRAS fitting software158 with Pearson VII peak shapes and 

taking the ratio of the integrated peak intensity of the orthorhombic + tetragonal peak to the 

integrated intensity sum of all three peaks, 

(
t101+o111

t101+o111+m1̅11+m111

), 

the relative orthorhombic + tetragonal (o+t) phase fractions can be calculated. The LIPRAS fit is 

also shown in Figure 4.2. 

 

Figure 4.2: GIXRD pattern collected from a 20 nm thick HZO film, with the fit from LIPRAS 

superimposed. Indices for the possible phases present are shown above the plot. 

 

Another XRD technique that maximizes the intensities from a thin film and minimizes the 

substrate intensity is in-plane XRD. In-plane XRD utilizes a grazing-incident X-ray beam so that 

the incident beam can travel a long distance within the thin film, resulting in high diffraction 

intensity from the film. In-plane XRD measurements diffract from lattice planes that are normal 

to the surface of the sample rather than parallel to the surface of the sample in the case of 
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symmetrical out-of-plane XRD measurements, as shown in Figure 4.3. In-plane XRD 

measurements require an instrument with an in-plane horizontal axis. In this dissertation, in-plane 

XRD measurements were performed in order to calculate crystallite sizes; combined with GIXRD 

measurements which primarily sample planes perpendicular to the sample surface, these 

measurements can provide information about lateral and vertical crystallite size. 

 

Figure 4.3: Geometries of out-of-plane and in-plane XRD measurements. 

 

4.3.  X-ray Reflectivity 

 X-ray reflectivity (XRR) is a technique that uses X-rays to probe the electron density 

perpendicular to the surface of a sample to obtain information about thin film thickness, density, 

and surface roughness of crystalline or amorphous samples. In reflectivity measurements, the X-

ray reflection of the sample is measured around the critical angle. The index of refraction of 

materials for X-rays is slightly less than one. When X-rays enter the surface of a flat sample at a 

grazing-incidence angle, the X-rays are reflected. At each interface where the electron density 

changes, X-rays are reflected. By measuring the total reflection intensity, also known as the 

reflectivity, as a function of the incident angle with respect to the sample surface, a profile is 

obtained. This profile provides information about structural parameters such as film thickness, 

density, and surface roughness of each layer of the sample. XRR measurements are analyzed by 

fitting the measured data to a simulated curve. In this dissertation, XRR measurements are used to 

obtain density, thickness, and roughness values of HfO2 layers in addition to the electrode layers 

in contact with the ferroelectric. 

An example measurement of a 20 nm thick HfO2 film on 85 nm of TaN on Si is shown in 

Figure 4.4. The profile was fit using GSAS-II software159 to extract the density, thickness, and 
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roughness of each layer. Important features of the XRR profile are labeled, including the critical 

angle, which is used to extract density, the period of oscillations, which provides thickness 

information, the intensity decay rate, which is related to surface roughness, and the decay of the 

oscillations at high angles which is associated with the surface and interface roughness. 

 

Figure 4.4: X-ray reflectivity profile of a 20 nm thick HfO2 thin film on 85 nm of TaN on Si with 

important features labeled. 

 

4.4.  Quantification of Biaxial Stress Using the Sin2Psi Technique 

As discussed in Chapter 2, biaxial stress plays a role in the stability of the ferroelectric 

phase33,160 in HfO2-based thin films, and larger tensile biaxial stress has been shown to correlate 

with higher remanent polarization values in this material.35,161 Therefore, characterization of the 
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stress in HfO2 thin films can provide insight into the mechanisms stabilizing the ferroelectric 

phase. 

Earlier, it was shown through Bragg’s Law that there is a relationship between interplanar 

spacing (d-spacing) and diffraction angle when X-rays are diffracted by crystal lattices; thus, when 

the d-spacing changes, so does the diffraction angle. When a material is strained, the crystal lattice 

undergoes elongations and contractions that change the d-spacings of the lattice planes. These 

changes in d-spacing result in a shift in the diffraction angle. By precisely measuring this shift, the 

change in d-spacing can be determined, and strain in the material can be deduced. The sin²ψ 

technique is a method for determining biaxial stress in thin films that uses these principles. More 

specifically, the change in d-spacing for a specific plane is examined relative to the angle between 

the plane and film normal, known as the ψ angle. The d-spacing is plotted linearly against the 

corresponding sin2ψ angle, and the resulting slope can be used to calculate the lattice strain.  

 Equations 4.1 and 4.2 can be used to relate d-spacing and ψ angle: 

 εψ = 
1+ν

E
σ|| sin

2
(ψ) -

2ν

E
σ|| 4.1 

 
εψ = 

dψ-d0

d0

, 4.2 

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. Assuming a randomly oriented polycrystalline film, the strain-free d-spacing 

(𝑑0) can be calculated at a 𝜓 angle (𝜓∗) where Equation 4.3 is satisfied.162 

 sin(ψ*) =√
2ν

1+ν
 4.3 

A positive slope in the plot of d-spacing versus sin2ψ indicates that the film is under tensile biaxial 

stress, while a negative slope indicates that the film is under compressive biaxial stress.  

 This technique was performed at the University of Virginia using a Bruker D8 Venture 

diffractometer with a Photon III detector. This instrument has an Incoatec IμS Cu Kα microfocus 

source that is significantly brighter than traditional X-ray tubes in laboratory-based X-ray 

diffractometers, thus allowing for an improved signal from thin films. Additionally, its area 

detector is capable of collecting a wide range of γ angles (which can be converted to ψ angles) in 

a single frame. The measurement setup and geometry is shown in Figure 4.5. 
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Figure 4.5: Measurement set up and geometry of area detector X-ray diffraction measurements 

for sin2ψ analysis. 

 

4.5.  X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a quantitative surface analysis technique that 

can provide information about the elemental composition, chemical state, and electronic structure 

of a material. XPS works on the principle of the photoelectric effect. The process involves 

irradiating a sample surface with X-rays, typically generated from an X-ray source like 

monochromatic Al Kα. When the X-rays interact with the sample, they can be absorbed by the 

inner shell electrons of the atoms, causing these electrons to be ejected from the material; these 

ejected electrons are known as photoelectrons. These emitted electrons are then collected by an 

electron energy analyzer which separates the electrons based on their kinetic energy. Using the 

energy of the emitted electrons, the binding energy can be calculated using the photoelectric effect 

equation, 

Ebinding = hv – Ekinetic, 

where Ebinding is the binding energy of the electrons in the specific atomic shells they originated 

from, hv is the energy of the X-ray photons used, Ekinetic is the kinetic energy of the electron 

measured by the instrument. The result is a spectrum that represents the number of photoelectrons 

detected at a certain binding energy, which provides information about the elemental composition 

and chemical state of the sample surface. The binding energies of the electrons can be used to 

identify the elements present, while the shape and intensity of the peaks reveal information about 

the chemical environment and electronic structure of the atoms. 

 By comparing the obtained spectrum with reference spectra of known elements and 

compounds, it is possible to determine the composition of the sample and identify specific 
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chemical species. XPS can also provide quantitative information about the elemental composition 

by measuring the intensity of the spectral peaks. In this work, XPS was used to calculate the ratio 

of oxygen to hafnium. To do so, the Hf 4f and O 1s spectra shown in Figure 4.6 were analyzed 

using KolXPD fitting software.163 Voigt functions were used to fit all core levels in combination 

with a Shirley background,164 and then peak areas were corrected by cross-sections provided by 

Scofield et al. for each core level.165 Then, the ratio of the corrected O 1s peak area to the corrected 

Hf 4f5/2 and Hf 4f7/2 was calculated. Two peaks are present in the O 1s spectra. The higher intensity 

peak at 531.7 eV corresponds to lattice oxygen and was used for the stoichiometry calculations. 

The peak at 533.5 eV is a hydroxyl peak that results from adventitious hydroxyls of water adsorbed 

onto the sample at ambient conditions.166 This peak is frequently mislabeled in literature as an 

‘oxygen vacancy’ peak. However, a missing oxygen atom cannot produce a photoelectron signal 

since XPS involves measuring the kinetic energy of an electron removed from an atom. Therefore, 

the absence of an atom could not produce a peak in XPS. 

 

Figure 4.6: Hf 4f and O 1s XPS spectra acquired from a 20 nm thick HfO2 film. The spectra are 

fit using KolXPD software. 

 

 To investigate the presence of oxygen vacancies in HfO2 by XPS, the Hf3+ signal may also 

be evaluated. The Hf 4f core levels collected from an amorphous 20 nm thick HfO2 film deposited 

by HiPIMS with varying plasma oxygen content are shown in Figure 4.7. The intensity is 

normalized to the Hf 4f7/2 peak maximum for these spectra. The inset shows the tail on the low 

binding energy side of the Hf 4f7/2 peak, which is known to correlate with the presence of a sub-
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oxide Hf3+ peak. This sub-oxide peak results from oxygen vacancies in which the two electrons 

remaining at the vacancy site from the removed neutral oxygen atom are distributed among two 

neighboring Hf4+ atoms to produce the Hf3+ species.92,167–169 The corresponding Hf3+ 4f5/2 peak is 

positioned in the valley between the Hf4+ doublet and leads, therefore, to a concomitant change in 

the depth of this valley. 

As shown in Figure 4.7, as oxygen content is decreased, an increasing Hf3+ signal is 

present. In this case, the intensity of the Hf3+ peak is too low to allow for a quantitative assessment 

with a fit; however, groups have fit this peak and used the intensity to calculate oxygen vacancy 

concentrations.92,170 It should be noted that these calculations ignore the possibility of neutral 

oxygen vacancies that would not contribute to the intensity of the Hf3+ peak. 

 

 

Figure 4.7: Hf 4f core levels for HfO2 films with varying oxygen content, with the intensity 

normalized to the Hf 4f7/2 peak maximum. The inset shows the tail of the Hf 4f7/2 peak where 

evidence of a Hf3+ peak resides. 
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4.6.  Scanning Electron Microscopy 

Scanning electron microscopy is a characterization technique that produces images of a 

sample by collecting emitted electrons resulting from scanning a beam of electrons over the surface 

of a sample. The electron beam interacts with the sample to produce a variety of signals at various 

depths within the sample to provide information about surface topography and composition, 

among other information. The depth of interaction depends on the accelerating voltage and sample 

material. There are two main modes of imaging in SEM: backscattered electron and secondary 

electron mode. In addition to these two main modes, which produce signals made up of electrons, 

other modes measure photons as the signal. 

Secondary electrons originate from inelastic energy transfer from the beam to loosely 

bound electrons of the conduction band or tightly bound valence electrons. The energy transfer 

allows the electrons to overcome the work function so that they are ejected. Secondary electrons 

are emitted from the surface, or near the surface (top 5-10 nm), of the sample. Secondary electrons 

are used to image surface features at high resolution. Backscattered electrons originate from elastic 

or near elastic coulombic interactions with positively charged nuclei of the sample that scatter 

electrons from 0 to 180°. Backscattered electron images are highly sensitive to differences in 

atomic number. The backscattered electron yield is proportional to the sample’s atomic number. 

Because secondary electrons are surface sensitive, they have higher resolution for surface features 

than backscattered electrons. Backscattered electrons can originate from deeper regions of the 

sample, so the resolution of surface features is impaired. 

In Chapters 5 and 6, plan-view SEM images collected using an FEI Helios UC G4 

microscope in secondary electron mode and a through-the-lens detector were used to examine the 

microstructure of HfO2 and HZO thin films. These images were analyzed to determine the average 

lateral grain size using ASTM standard E112,171 and the Heyn lineal intercept procedure. This 

method involves counting the number of grain boundary intersections with a test line per unit 

length of the test line in order to calculate the mean lineal intercept length. An example plan-view 

micrograph of a 20 nm thick HZO film deposited by HiPIMS is shown in Figure 4.8. 
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Figure 4.8: Plan-view secondary electron SEM image of a 20 nm thick HZO film deposited by 

HiPIMS. 

 

 Due to the size of the grains in the HfO2 and HZO thin films shown in this work, there 

were challenges associated with acquiring SEM images with high enough resolution to discern 

individual grains and carry out the linear intercept procedure to calculate the average lateral grain 

size. Some of these challenges included carbon contamination172 of the films and charging. 

Methods to mitigate these issues, such as coating the films in a thin layer of palladium, were 

employed; however, other characterization techniques like atomic force microscopy ultimately 

provided better images of sample microstructure. 

 

4.7.  Atomic Force Microscopy 

Atomic force microscopy (AFM) is a high-resolution imaging technique, first introduced 

by Binnig, Quate, and Gerber in 1986,173 used to visualize the surface topography and mechanical 

properties of materials at the nanoscale. It operates based on the interaction between a sharp probe 

tip and the sample surface. AFM employs a probe consisting of a sharp tip attached to a flexible 

cantilever. The tip is typically made of silicon or diamond and has a radius on the order of 

nanometers. The cantilever acts as a spring, allowing it to deflect in response to surface forces. 

The sample is mounted on a scanning stage, which allows precise movement in the x, y, and z 

directions. The AFM probe is positioned above the sample surface, and then the probe tip is 
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brought into close proximity to the sample surface. Various types of interactions can occur between 

the tip and the surface, including van der Waals forces, electrostatic forces, and chemical bonding 

forces. As the probe tip scans the surface, the deflection of the cantilever changes due to the 

interactions with the sample. The deflection is measured using a laser beam focused on the back 

of the cantilever, which is reflected onto a position-sensitive detector. This detection system 

provides real-time feedback on the position of the cantilever and allows for precise control of the 

tip-to-sample distance. 

 AFM can operate in different modes depending on the desired information. One commonly 

used mode is contact mode, where the tip maintains constant contact with the sample surface. In 

AC, or non-contact mode, the cantilever is vibrated near its resonance frequency, and changes in 

the amplitude and phase of the oscillation are measured. This mode offers enhanced sensitivity 

and can provide information about surface properties such as stiffness. The scanning stage moves 

the sample laterally while the cantilever measures the deflection, resulting in a raster scan of the 

surface. The measured deflection data is used to generate an image of the surface topography with 

nanoscale resolution. The resulting image reveals the height variations and surface features of the 

sample. 

In this work, an Oxford Instruments Asylum Research Cypher-S instrument in AC tapping 

mode was used to acquire topography images of HfO2 and HZO thin films, with an example shown 

in Figure 4.9. The linear intercept procedure described above was applied to these images to 

calculate the mean linear intercept length. In general, the AFM images offered improved resolution 

when evaluating microstructure in comparison to SEM. 
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Figure 4.9: AFM topography image of a 20 nm thick HfO2 thin film deposited by HiPIMS. 

 

 In addition to imaging, AFM was used to perform AFM tomography, a method in which 

contact mode is implemented with high loads in order to selectively mill the surface of the sample 

with the tip.174 This technique was used to thin small regions of the electrode on a sample so that 

nano-FTIR measurements of the underlying ferroelectric layer could be performed in those areas. 

For AFM tomography, NanoWorld CDT-NCHR diamond-coated tips were used with a scan size 

of 5 x 5 μm, scan rate of 0.8 Hz, and 0.2 V set point. Several passes were made, intermittently 

scanning at 90° in AC mode to check the progress of the electrode thinning. Figure 4.10 shows 

the AC mode scan of an HZO film with electrodes consisting of 5 nm of Pt on top of 5 nm of TaN 

that has undergone AFM tomography with 20 passes. The accumulated removed electrode material 

is evident at the top and bottom of the image.  
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Figure 4.10: AC mode scan of an HZO film with electrodes consisting of 5 nm of Pt on top of 

5 nm of TaN that has undergone 20 passes with a diamond-coated tip in contact mode to selectively 

thin a 5 x 5 μm area on the electrode. 

 

4.8.  Transmission Electron Microscopy 

 Transmission electron microscopy (TEM) is an imaging technique that operates by passing 

an electron beam through a thin sample, enabling high-resolution imaging and analysis of materials 

at the atomic scale. A TEM system consists of an electron source that generates a beam of high-

energy electrons. This electron beam is condensed and focused using electromagnetic lenses to 

form a fine probe. The focused electron beam is directed onto the thin sample. As the electron 

beam passes through the sample, it interacts with the atoms in the material. Several interactions 

occur, including elastic scattering, inelastic scattering, and diffraction. TEM can operate in 

different imaging modes to extract various types of information. In bright-field imaging, the 

transmitted electrons are collected and form an image based on the intensity of the transmitted 

beam. Dark-field imaging involves selectively collecting scattered electrons at specific angles, 

providing contrast from specific regions or crystallographic features. Electron diffraction can also 

be used to analyze the crystal structure of the sample. TEM requires thin specimens with a 

thickness of approximately 100 nanometers or thinner, depending on the accelerating voltage and 
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desired information. Samples are prepared by slicing or mechanically thinning the material to a 

suitable thickness. 

 In early investigations of ferroelectric HfO2-based thin films, TEM and scanning TEM 

(STEM) were used to examine capacitor structures and evaluate the crystallinity of layers.64,66,69,175 

Following these early studies, TEM and STEM have been used to identify the phases present in 

HfO2 layers. Because phase differentiation can be difficult in this material by conventional X-ray 

approaches, these techniques have aided in the development of understanding the phase 

composition and phase transformations that may occur in this material. Sang et al. used atomic 

resolution high-angle annular dark-field (HAADF) STEM to provide experimental evidence of an 

orthorhombic phase in a Gd-doped HfO2 film.176 To differentiate between the orthorhombic Pca21, 

Pbca, and Pbcm space groups, Sang utilized position-averaged convergent beam electron 

diffraction (PACBED), which enables visualization of the oxygen sublattice that is not visible in 

HAADF STEM images. By combining the HAADF images showing the Hf positions with the 

PACBED patterns, they were able to conclude that the film contained the orthorhombic Pca21 

phase. The presence of this phase in other ferroelectric HfO2-based thin films has been confirmed 

using STEM-based techniques in numerous studies.56,63,177,178 TEM has also been used to study 

field cycling effects in HfO2-based films. STEM on Gd-doped HfO2 capacitors showed that phase 

transformations from non-ferroelectric phases to ferroelectric phases occurred during field cycling 

in addition to the presence of the tetragonal phase at the HfO2/electrode interface.179 

 In this work, TEM performed was performed on a Thermo Fisher Scientific Themis Z-

STEM operating at 200 kV equipped with an Ulti-Monochromator at the University of Virginia. 

Additionally, energy-loss spectra were collected to examine oxygen content in HfO2 films and will 

be further discussed in Chapter 5. Additionally, STEM images were acquired at Carnegie Mellon 

University on a Thermo Fisher Scientific Themis. These images were used for phase identification. 

 

4.9.  Fourier Transform Infrared Spectroscopy 

 Fourier Transform Infrared Spectroscopy (FTIR) is a type of infrared (IR) spectroscopy 

based on the principle that radiation in IR spectral regions is sensitive to molecular and electronic 

properties of materials. Thus, FTIR spectra can be thought of as a ‘fingerprint’ for identification 

in materials. IR spectroscopy relies on resonance and absorption to provide information about the 

chemical structure and bonding of materials. Resonance occurs when the frequency of the incident 
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IR radiation matches the natural frequency of the vibration or rotation of the molecules or atoms 

in the material. Each molecule or atom has specific energy levels associated with these vibrational 

and rotational motions. When the incident IR radiation matches one of these energy levels, 

resonance absorption occurs, leading to the excitation of the molecule or atom. Absorption of IR 

light involves the transfer of energy from the incident photons to the material. When IR light 

interacts with a material, it can be absorbed by the molecules or atoms present. The absorbed 

photons can cause electronic transitions, vibrational excitations, or rotational excitations, 

depending on the energy of the incident IR radiation and the specific properties of the material. 

Because the different phases in HfO2 have different symmetries, bonding, and polarity, 

FTIR has the potential to differentiate between these phases where diffraction-based techniques 

fall short. Several computation predictions have suggested that vibrational spectroscopy 

techniques, including IR and Raman spectroscopy, can be used to identify phases in HfO2-based 

thin films.34,44,180,181 FTIR measurements have been made on doped-HfO2 thin films,71,182 although 

differentiation between the orthorhombic and tetragonal phases was not demonstrated. However, 

differentiation between the monoclinic, antipolar orthorhombic, and polar orthorhombic phases 

was shown on FTIR measurements of bulk (200 µm) single crystals of HfO2 stabilized with 

yttrium.44 

The wavelength of IR radiation is on the order of micrometers, so it is fundamentally 

limited in applications where nanoscale information is required. To overcome this limitation, 

near-field techniques have been developed. One such technique is infrared scattering-scanning 

near-field microscopy (IR s-SNOM). This technique involves scattering the incident light with 

the tip of an atomic force microscope that is scanning on the sample surface,183 enabling imaging 

at a spatial resolution ranging from 10 to 40 nm.184,185 When paired with synchrotron IR radiation 

which is bright, spatially coherent, and has improved spectral bandwidth over laser sources,186 

imaging over the entire mid-IR with nanometer spatial resolution and high sensitivity is 

enabled.187 In this work, synchrotron nano-Fourier infrared spectroscopy (nano-FTIR) was 

employed in order to measure the vibrational spectra of HfO2 and HZO thin films. Nano-FTIR 

measurements were performed at Beamline 2.4 at the Advanced Light Source at Lawrence 

Berkeley National Laboratory using a tip-based scattering approach on an Attocube Systems 

Neaspec instrument.  
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4.10.  Electrical Characterization 

4.10.1. Polarization-Electric Field Measurement 

 Polarization-electric field (P(E)) measurements, as discussed in Chapter 2, are commonly 

used to assess switching in ferroelectric materials. P(E) measurements shown in this work were 

performed on a Radiant Technologies Precision LC II Ferroelectric Property Analyzer. 

 

4.10.2. Positive-Up, Negative-Down Measurement 

While P(E) measurements are one of the most common methods used to examine the 

ferroelectric characteristics of thin films, hysteresis loops can have external contributions to the 

polarization response, like leakage currents, which can artificially inflate remanent polarization 

values. Additionally, they are performed at a relatively low frequency (typically 1 kHz) and with 

a triangle wave that may not accurately represent what the material sees in device applications. 

Thus, positive-up, negative-down (PUND) pulsed polarization measurements can be performed as 

a more accurate assessment of the remanent polarization device.188 This measurement consists of 

one negative pulse to pre-switch the device (the preset pulse), followed by two positive pulses and 

two negative pulses, as shown in Figure 4.11. The function of each pulse is described below: 

1. The preset pulse sets the initial polarization. 

2. Pulse 2 switches the polarization. 

3. Pulse 3 is a non-switching pulse. 

4. Pulse 4 switches the polarization into the opposite state. 

5. Pulse 5 is a non-switching pulse. 
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Figure 4.11: Pulse sequence for a positive-up, negative-down measurement. 

 

The remanent polarization is calculated by subtracting the non-switching polarization from 

the total polarization at zero applied voltage. The pulse width and delay time can influence the 

measurement and should be chosen carefully. Smaller pulse widths decrease the amount of 

switched charge in the ferroelectric and may more accurately represent the switching properties in 

high-frequency applications. The delay time should be at least 1000 ms to account for any 

polarization relaxation that may occur. A Radiant Technologies Precision LC II Ferroelectric 

Property Analyzer was used for all PUND measurements shown in this dissertation. 

 

4.10.3. Capacitance-Voltage Measurement 

 Capacitance-voltage (C-V) measurements are another way to examine the ferroelectric 

behavior of ferroelectric thin films. These measurements are performed by applying a sweeping 

DC voltage with a small AC signal (in the range of 50 mV) superimposed. The frequency generally 

ranges from 1 kHz to 100 kHz. Using Equation 4.4, the relative permittivity, εr, of the material can 

be calculated from the capacitance:  

 εr = 
ε0A

Cd
, 4.4 
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where ε0 is the permittivity of free space, A is the electrode area, C is the capacitance, and d is the 

film thickness. The relative permittivity can provide insight into the phases present in the film 

since each phase has been shown to have a specific range of relative permittivity values.179 

Ferroelectric materials will produce a distinctive butterfly loop, as shown in the C-V 

measurement made on a 20 nm thick HZO film in Figure 4.12. The two peaks in the loop are 

associated with the switching of domains and occur near the coercive field of the material. These 

maxima occur near the coercive fields because only a small AC voltage is required to switch 

ferroelectric domains when the sweeping DC voltage approaches the coercive field.189 A Keysight 

E4980A Precision LCR Meter was used for C-V measurements in this work with a 50 mV, 10 kHz 

oscillator. 

 

Figure 4.12: Relative permittivity (left axis) and loss tangent (right axis) versus electric field for 

a 20 nm thick HZO film. 

 

4.11. Summary 

The techniques described above are used throughout this work to understand the structural, 

chemical, and electrical properties of HfO2-based thin films. These techniques include grazing 

incidence X-ray diffraction (GIXRD), X-ray reflectivity (XRR), sin2ψ stress analysis, X-ray 

photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), atomic force 
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microscopy (AFM), transmission electron microscopy (TEM), Fourier Transform Infrared 

Spectroscopy (FTIR), and electrical characterization techniques. 
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Chapter 5: Impact of Oxygen Content on Phase Constitution and 

Ferroelectric Behavior of Hafnium Oxide Thin Films Deposited by 

Reactive High-Power Impulse Magnetron Sputtering 
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5.1. Motivation 

 Oxygen vacancies have been shown to significantly affect the performance of ferroelectric 

HfO2-based thin films and devices due to their impact on phase stabilization, electrical properties, 

wake-up, and fatigue. In parallel, reports have also suggested that microstructure may be the main 

factor that affects the phases present in HfO2-based thin films. The purpose of this work was to 

investigate the relative impacts of oxygen content and microstructure on the phases present and 

ferroelectric properties of undoped HfO2 thin films. By utilizing HiPIMS, which affords greater 

https://doi.org/10.1016/j.actamat.2022.118220
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control of oxygen content and lack of impurities in comparison to ALD, the effects oxygen content 

and microstructure can be evaluated without the influence of dopants or mechanical stress that are 

present in ALD films. Additionally, several characterization techniques are used to quantify and 

characterize the oxygen vacancies in the films to better understand their impacts on this material.  

 

5.2. Abstract 

 Ferroelectric HfO2 holds promise for many applications, including non-volatile on-chip 

memory and ferroelectric field-effect transistors. One challenge preventing the integration of 

ferroelectric HfO2 into devices is the difficulty to unambiguously prepare phase-pure material 

without the benefits of epitaxy. Here, a new method for preparing ferroelectric HfO2 is presented 

using High-Power Impulse Magnetron Sputtering (HiPIMS). HiPIMS offers a unique combination 

of processing parameters such as incident ion energy and gas atmosphere that are inaccessible 

through conventional HfO2 synthesis by atomic layer deposition (ALD). In this work, the impact 

of plasma oxygen content on the crystallization, phase constitution, microstructure, and 

ferroelectric properties of undoped HfO2 films deposited by HiPIMS is investigated. HfO2 thin 

films were reactively sputtered with plasma oxygen content varied from 7.1 to 8.0 %. The impact 

of grain size on performance and phases present was assessed, and the results show that the 

microstructure does not strongly vary between ferroelectric and non-ferroelectric samples. It will 

be shown that the oxygen content in the plasma directly relates to the oxygen content in the films, 

as assessed by electron energy-loss spectroscopy, X-ray photoelectron spectroscopy, and positron 

annihilation spectroscopy. This oxygen content strongly influences phase formation and 

ferroelectric performance. High concentrations of neutral oxygen vacancies are identified in 

crystalline ferroelectric samples and allow for low leakage currents. These results show that 

oxygen content can be used to dictate phase nucleation and provide a path toward phase-pure 

polycrystalline ferroelectric HfO2. 

 

5.3. Introduction 

Since the first report of ferroelectricity in hafnium oxide (HfO2) doped with SiO2 in 2011,1 

significant research efforts have been directed toward understanding the switchable spontaneous 

polarization in this material. HfO2 is chemically compatible with silicon,2 is currently used as a 

high-κ dielectric in complementary metal oxide semiconductor (CMOS) devices,3 and in the 
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ferroelectric phase is not susceptible to the thickness scaling effects that impose application 

limitations on traditional ferroelectrics.4,5 Thus, this material presents opportunities for 

technological developments in devices, such as renewed scaling of ferroelectric random access 

memory (FeRAM), ferroelectric field effect transistors (FeFETS), and new devices such as 

ferroelectric tunnel junctions (FTJs) that previously required epitaxial growth.  

The wide-scale adoption of ferroelectric HfO2 into devices is constrained, in part, by an 

inability to prepare phase-pure films. In equilibrium at room temperature and atmospheric 

pressure, HfO2 exists in the nonpolar monoclinic P21/c phase. Multiple metastable phases exist, 

including an orthorhombic Pca21 phase and a tetragonal P42/nmc phase, which can be stabilized 

by various factors. Ferroelectricity in HfO2 has been attributed to the non-centrosymmetric Pca21 

orthorhombic phase. The factors that have been shown to impact phase constitution include dopant 

type and concentration,6–10 biaxial stress,11 oxygen vacancies,12 and film thickness or grain 

size.13,14 

The majority of research on ferroelectric HfO2 thus far has utilized atomic layer deposition 

(ALD) for film preparation. These films are typically amorphous as deposited and must be 

annealed at an elevated temperature to form the ferroelectric phase. The stochastic nature of 

nucleation results in films with a broad grain size distribution15 and are typically multi-phase. 

Because conventional thermal ALD has few adjustable parameters, controlling microstructure 

using this method is difficult. Additionally, most ALD films possess carbon impurities from 

residual precursor ligands, which may affect the ferroelectric properties16–18. Therefore, physical 

vapor deposition (PVD) methods, which offer greater freedom in engineering deposition 

conditions, are promising candidates for the preparation of ferroelectric HfO2. To date, several 

reports on the PVD of HfO2 have been made. Olsen et al. reported ferroelectricity in Y-doped 

HfO2 prepared by co-sputtering from HfO2 and Y2O3 sources via radio frequency (RF) sputtering,19 

Mittmann et al. demonstrated ferroelectricity in undoped HfO2 films varying in thickness from 8-

40 nm deposited by RF sputtering from a ceramic target,20 Mimura et al. observed ferroelectricity 

in epitaxial and polycrystalline Y-doped HfO2 films deposited by rf sputtering at room temperature 

from a ceramic target,21 and Lee et al. prepared ferroelectric Hf0.5Zr0.5O2 thin films via reactive rf 

sputtering from a metal target.22 Still, these studies, among others,23–27 leave room for exploration 

of this film preparation approach. 
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A previously unexplored PVD method for ferroelectric hafnia is High-Power Impulse 

Magnetron Sputtering (HiPIMS). HiPIMS is a technique in which low duty cycle pulses (< 5% 

duty cycle) are applied to the sputter target to produce dense plasmas with a high degree of 

sputtered atom ionization.28 HiPIMS offers a number of controllable process parameters such as 

pulse power, pulse duration, background pressure, and gas atmosphere that all impact depositing 

species energy and fluence and are not accessible using conventional ALD or PVD processes. 

These process parameters may allow for additional control of the factors that influence the 

nucleation behavior, microstructure, and ferroelectric properties in HfO2. 

One factor that appears to be particularly important for stabilizing the ferroelectric phase 

in HfO2 is grain size owing to large surface energy contributions to the overall free energy in 

nanoscale materials. Computational work by Materlik et al. predicted that the orthorhombic phase 

in pure HfO2 can be stabilized by grain sizes ranging from 3-5 nm, with the tetragonal (t-) and 

monoclinic (m-) phases stabilized by smaller and larger grain sizes, respectively.13 This 

computational prediction is supported by experiments: in ALD-prepared films, degradation of the 

ferroelectric properties of doped HfO2 has been observed with film thicknesses over 20 nm due to 

increasing grain size with film thickness, resulting in stabilization of the monoclinic phase.29,30 

Similarly, degradation of ferroelectric properties with film thickness was avoided in chemical 

solution deposited (CSD) doped HfO2 films where layer-by-layer thermal treatment during the 

deposition process allowed for control of the grain size as the microstructure was equiaxed rather 

than columnar.31,32 It should be noted that the film thickness dependence of ferroelectric properties 

was not observed in Y-doped HfO2 films deposited by pulsed laser deposition with thicknesses 

ranging from 10 to 930 nm;33 however, the crystallite sizes in those films also appeared to be on 

the order of nanoscale. 

While grain size control appears to be a critical factor for obtaining phase-pure films, 

another factor shown to play a significant role in the stability of the orthorhombic phase is the 

concentration and distribution of oxygen vacancies.20,34,35 First-principles calculations of HfO2 

films have shown that incorporation of oxygen vacancies into the lattice reduces the total energy 

of the orthorhombic and tetragonal phases in comparison to the monoclinic phase.36,37 In addition 

to stabilization of the orthorhombic phase, oxygen vacancies have also been shown to play a role 

in the “wake-up” effect, in which the remanent polarization increases during electric field cycling 

due to the redistribution of oxygen vacancies with the applied fields.36  
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In the present work, the relative impacts of grain size and oxygen content on the phase 

composition and electrical properties of pure HfO2 thin films deposited by HiPIMS are studied. 

HiPIMS enables the use of a high purity hafnium metal target, which results in low levels of 

impurities compared to ALD-prepared films, for example. This allows for the characterization of 

properties without the ambiguity associated with dopants and contamination. Phases present are 

characterized by X-ray diffraction (XRD) and supported by electrical properties, including relative 

permittivity and polarization. Microstructure is examined using scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). Oxygen stoichiometry and oxygen vacancies 

are characterized using electron energy-loss spectroscopy (EELS), X-ray photoelectron 

spectroscopy (XPS), and positron annihilation spectroscopy (PAS). Through these 

characterizations, the impact of oxygen content and microstructure is decoupled, and it is shown 

that oxygen vacancies play a critical role in phase nucleation and phase stability in hafnium oxide. 

 

5.4. Experimental Procedures 

5.4.1. Deposition Parameters 

HfO2 films were deposited on 100 nm thick TaN bottom electrodes on (001)-oriented p-

type silicon substrates. The TaN was prepared by pulsed dc magnetron sputtering (30 kHz, 4 µs 

reverse time) from a TaN target within a Denton Discovery 550 system and had a (111)-orientation, 

as described in prior work.38 Hafnium oxide films were prepared from a 50 mm diameter hafnium 

metal target of 99.9 % purity (excluding zirconium impurities) affixed to a balanced magnetron 

sputter gun (Meivac, MAK) within a custom 460 mm diameter spherical stainless steel vacuum 

chamber. The source to substrate distance was 80 mm and the gun to substrate angle was 45°. The 

load-locked chamber was evacuated using a turbomolecular pump backed by a rotary vane pump 

to reach a base pressure of 10-7 Torr. For HiPIMS depositions, a Starfire Impulse HiPIMS power 

module was used in conjunction with a dc power supply to deliver square voltage pulses with a 

duration of 110 μs, a frequency of 200 Hz, and a magnitude of -700 V. These parameters represent 

a duty cycle of 2.0 % and per-pulse peak plasma power density of 600 W/cm2. Following each 

negative high-power pulse, a +100 V positive pulse of length 200 μs was applied to the target. 

Argon was used as the sputter gas, and O2 gas was used as the reactive gas. Argon and O2 gas 

flows were controlled by electronic mass flow controllers, and the total process pressure was 

controlled by a conductance flow valve located in front of the turbomolecular pump. A gas flow 
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of 15.00 sccm of argon with 1.15, 1.19, 1.23, and 1.30 sccm of O2 was used to produce oxygen 

concentrations in the background gas of 7.1, 7.4, 7.6, and 8.0 %, respectively. A constant 

background pressure of 5 mTorr was measured by a heated capacitance manometer with active 

PID feedback to the conductance flow valve. Nominally 20 nm thick HfO2 films were deposited. 

Films were continuously rotated during growth to minimize thickness gradients, and the substrate 

platen was grounded. The substrate was not intentionally heated during deposition.  

Following deposition, one set of the films was annealed in a pure argon atmosphere 

(99.999% purity) for 30 seconds at 800 °C in a rapid thermal processor (Allwin 21, Heatwave 610) 

with a ramp rate of 66.7 °C/s, while the other set was left in the as-deposited state. Finally, top 

electrodes consisting of 20 nm of titanium nitride and 50 nm of palladium were dc-magnetron 

sputtered through a shadow mask to create a capacitor structure for electrical measurements. TiN 

was reactively sputtered from a titanium target with a gas atmosphere of 5 sccm of argon and 

1 sccm of nitrogen, pressure of 0.9 mTorr, and dc power density of 7.40 W/cm2. Palladium was 

deposited with an argon background pressure of 5 mTorr and dc power density of 3.31 W/cm2. 

Circular electrode diameters were 100 µm and areas were confirmed by optical microscopy. 

 

5.4.2. Characterization 

 A Rigaku Smartlab X-ray diffractometer using Cu Kα radiation in a parallel beam 

configuration with a fixed incident angle of 0.7° was used for grazing-incidence X-ray diffraction 

(GIXRD) measurements to assess crystallinity and phase constitution of films in the as-deposited 

and annealed states. A 2θ range of 26-33° was selected due to the presence of 100% intensity 

reflections of the monoclinic P21/c phase, tetragonal P42/nmc phase, and orthorhombic Pca21 

phase in this range. Crystallite sizes calculated using Scherrer’s equation39 were corrected for 

instrumental broadening effects using Standard Reference Material® 660c lanthanum hexaboride 

powder from the National Institute of Standards and Technology. Area detector XRD 

measurements were completed using a Bruker APEXII Duo Single Crystal X-Ray diffractometer 

with a collimated Cu Kα radiation source, a fixed omega angle of 15°, and an APEXII CCD area 

detector. Magnesium oxide powder was adhered to the film surface as a height reference standard. 

Phase evolution during crystallization was measured using a PANalytical Empyrean X-ray 

diffractometer with Cu Kα radiation in a Bragg-Brentano geometry with a linear detector and an 

Anton Paar HTK1200 high temperature chamber in a nitrogen environment. The samples were 
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heated at a rate of 2 °C/min from 25 °C to 1000 °C and diffraction patterns were collected every 

6 °C, similar to the parameters used in prior studies of crystallization of hafnia-based films.40,41 

Electrical characterization was performed on capacitor structures for the annealed films. 

Polarization versus electric field (P(E)), pulsed positive up, negative down (PUND) polarization 

switching, and relative permittivity measurements were performed. A Radiant Technologies 

Precision LC II Ferroelectric Property Analyzer was used to perform P(E) measurements with a 

period of 10 ms (100 Hz equivalent frequency) and PUND measurements with a 1 ms pulse width, 

1000 ms delay, and 2.5 MV/cm applied field. The initial relative permittivities, which contains 

both the intrinsic permittivity of the lattice and the extrinsic reversible domain wall contributions 

of the samples, were extracted from dielectric nonlinearity measurements conducted using a 

Keysight E4980A LCR meter with a frequency of 10 kHz and oscillator levels ranging from 0.002 

to 0.500 V, root mean square. Leakage current measurements were performed on a Keithley 

4200A-SCS Parameter Analyzer. 

Plan-view SEM images were collected using an FEI Helios UC G4 microscope in 

secondary electron mode with an accelerating voltage of 2.00 kV, beam current of 0.1 nA, dwell 

time of 15 μs, working distance of 2.3 mm, and a through-the-lens detector. TEM cross-sections 

were prepared using the FEI Helios dual-beam focused ion beam. Preparation started with a 30 kV 

gallium ion beam and high current that was incrementally lowered to a final 5 kV low current 

setting. TEM experiments used a Thermo Fisher Scientific Themis Z-STEM operating at 200 kV 

equipped with an Ulti-Monochromator. All energy-loss spectroscopy used a Gatan Imaging Filter 

equipped with an UltraScan CCD camera. Energy-loss spectra were acquired in micro-probe mode 

with a semi-convergence angle of 0.77 mrad and an acceptance angle of 5.47 mrad such that elastic 

contributions were minimized. The energy resolution measured at the zero-loss full-width at half-

maximum (FWHM) was 0.16 eV, providing an energy resolution comparable to the lifetime 

broadening of most core loss events. Individual spectra were acquired across a spectrum image of 

the film to reduce the dwell time in any position and minimize the possibility of beam damage. 

The spectrum images were then averaged to provide high signal-to-noise spectra representative of 

the films. The oxygen K-edge spectra were background subtracted using a power law. Then, the 

spectra underwent Fourier-ratio deconvolution using the low loss signal that was acquired 

simultaneously to the core loss spectra. This removes thickness effects and provides single-

scattered electron probabilities. Conical darkfield images were acquired in TEM mode with a 
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10 μm objective aperture selecting first-order reflections. The conical darkfield was recorded on a 

Thermo Fisher Ceta camera while the electron beam dynamically rotated around the optic-axis. 

Frames highlighting various grains of each film were then combined to aid in discriminating the 

nanometer size grains that were diffracting with similar net intensity. 

XPS was performed with a Scienta Omicron Multiprobe MXPS system with an XM1200 

monochromator. Monochromatic Al Kα (hν = 1486.6 eV) radiation was used to obtain core level 

spectra, which were collected at the center of the samples. The samples were introduced into 

ultrahigh vacuum and measured without sputtering or annealing to avoid any process which could 

modulate the defect population in the near-surface region. All samples had acquired a 

contamination layer consisting of adventitious carbon and oxygen during transport through air. For 

an inelastic mean free path of 3.0 nm at the kinetic energy of the Hf 4f core electrons, the 

information depth in these experiments was approximately 9.0 nm. The adventitious carbon layer 

was approximately 0.8 nm in thickness, which was calculated using the Lambert-Beer law 

attenuation of the Hf signal, but did not account for the inherent heterogeneity and roughness of 

this layer. However, its small thickness and the large cross-section of the Hf 4f core level enabled 

analysis of the Hf and O signals without any additional surface cleaning. Survey spectra measured 

with a pass energy of 100 eV were used to confirm the presence of Hf, O, and C; no other elements 

were detected. A pass energy of 50 eV and energy steps of 0.05 eV were used for all core level 

spectra. The resolution is 0.41 eV for this pass energy as defined by the width of the Ag 3d5/2 core 

level measured from a standard. The spectra were aligned to the Fermi Level of a clean gold sample 

set to 84.0 eV. A small charging induced shift of the core levels of less than 2 eV was corrected 

by alignment of the spectra at the energy of the Hf 4f7/2 core level with the lowest binding energy 

in the series: 17.8 eV for the as-deposited samples, which agrees with published values.42–44 The 

FHWM of Hf and O peaks was constant throughout the sample series and therefore excluded 

differential charging. All XPS data were analyzed using KolXPD software.45 A Voigt function was 

suitable for fitting all core levels and was combined with a Shirley background.46 Peak areas were 

corrected by cross-sections provided by Scofield et al. for each core level.47 Compositions of as-

deposited and annealed films were calculated by taking a ratio of the corrected O 1s peak area to 

the corrected Hf 4f5/2 and Hf 4f7/2 peak areas.  

PAS was performed using the Washington State University monoenergetic variable energy 

positron beam. Doppler broadening spectra of the 511 keV annihilation line were measured for the 
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samples as a function of incident positron energy, E, with an energy resolution of 1.32 keV 

FWHM. The positron beam was generated by a 22Na positron-emitting isotope, and the positron 

energy was varied from 25 eV to 70 keV, which was sufficient to scan the mean implantation depth 

through the HfO2 and TaN into the silicon substrate. Line shape (S) and wing (W) parameters were 

extracted and fit using VEPFIT.48 S was defined as the fraction of events ± 0.74 keV around the 

centroid of the 511 keV photoelectric peak. A window of 3.26 keV on either side of the centroid 

channel with an inside edge at 2.61 keV contributed to W. S and W values were normalized with 

the total background-subtracted counts in the photoelectric peak. Further analysis details have been 

reported elsewhere.49 

 

5.5. Results and Discussion 

5.5.1. Phase Characterization 

 GIXRD measurements were performed before and after rapid thermal annealing the films 

to assess the crystallinity and identify the phases present. These measurements confirmed that the 

as-deposited films were amorphous to the extent discernable by XRD, as shown in Figure 5.1. 
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Figure 5.1: GIXRD patterns for as-deposited films. 

 Figure 5.2 shows the GIXRD measurements performed on annealed films with oxygen 

concentration in the plasma varied from 7.1 % to 8.0 %. The positions of tetragonal (t), 

orthorhombic (o), and monoclinic (m) reflections in this region are shown above the diffractogram. 

The films with 7.1, 7.4, and 7.6 % oxygen in the plasma had an intense peak around 30.5° in 2. 

This peak presents challenges in indexing due to similar d-spacings of the orthorhombic and 

tetragonal phases; therefore, it could be the result of the orthorhombic (111) reflection, the 

tetragonal (101) reflection, or a superposition of the two reflections. These phases may be 

differentiated by electrical property characterization where the orthorhombic phase will display 

polarization hysteresis while the tetragonal phase will have an antiferroelectric-like response. Low 

intensity monoclinic phase peaks are discernable in the 7.4 and 7.6 % oxygen samples but not the 

7.1 % sample. The film deposited with the highest concentration of oxygen in the plasma, 8.0 %, 

contained peaks indexed as the monoclinic phase in addition to the orthorhombic and/or tetragonal 

phases. 
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Figure 5.2: GIXRD patterns of crystallized HfO2 samples with varying oxygen content in the 

plasma. Indexing for each peak is provided above the panel. 

 

The relative orthorhombic + tetragonal (o+t) phase fractions were calculated by fitting the 

GIXRD patterns using LIPRAS fitting software50 and taking the ratio of the integrated peak 

intensity of the orthorhombic + tetragonal peak to the integrated intensity sum of all three peaks, 

(
t101+o111

t101+o111+m1̅11+m111
). The relative o+t phase fractions are shown in Figure 5.3. Also shown are 

crystallite sizes that were calculated using Scherrer’s equation.39 The films deposited with 7.1, 7.4, 

and 7.6 % oxygen concentration in the plasma contain primarily orthorhombic + tetragonal phase 

with relative o+t phase fractions greater than 0.9 and crystallite sizes of approximately 18 nm. The 

film deposited with 8.0 % oxygen had a relative o+t phase fraction of 0.57 and a crystallite size of 

14.9 ± 0.7 nm. It should be noted that the crystallite size was calculated using the 

orthorhombic + tetragonal peak, so the crystallite size calculation for the 8.0 % sample may be 

affected by its relatively lower signal-to-noise ratio in comparison with the films that contained 
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primarily orthorhombic phase, as well as the smaller volume fraction of orthorhombic + tetragonal 

phases that may result in smaller crystallites. Additionally, the crystallite size is measured in a 

direction that is approximately 15 degrees off surface normal due to the geometry of the grazing 

incidence measurement. Effectively, this results in the measured crystallite size to primarily 

comprise the out-of-plane dimension, but with a minor in-plane contribution.  

 

Figure 5.3: Relative o+t phase fractions (closed circles) and crystallite sizes (open squares) 

calculated from GIXRD patterns. 

Area detector XRD measurements were performed to assess the crystallographic texture of 

the films, and the patterns are shown in Figure 5.4. Non-uniform intensity in the 111o/101t Debye-

Scherrer rings indicated the presence of preferred crystallographic texture in the 7.4 and 7.6 % 

samples. For example, if this peak is primarily due to the orthorhombic phase, then these films 

crystallized with a preference for a 111 out-of-plane texture. This texture was also observed in the 

8.0 % sample along with slight texture of the monoclinic phase, with the higher angle 111m 

reflection having an increased out-of-plane component. The origin of this texture is unclear, as it 

was not previously observed on atomic layer deposited hafnium zirconium oxide (HZO) films 

prepared on identically processed TaN electrodes51, but may indicate that the HiPIMS deposition 

impacts nucleation from the amorphous deposit. 
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Figure 5.4: Area detector XRD measurements for crystallized (a) 7.1, (b) 7.4, (c) 7.6, and (d) 

8.0 % films. 

 

 Differences in the nucleation behavior leading to the varied phases in the films prepared 

with different oxygen contents were sought using in-situ, high-temperature X-ray diffraction 

(HTXRD) measurements. These experiments were performed on films prepared with the three 

highest oxygen contents, with the results provided in Figure 5.5. Significant differences in 

crystallization temperatures or phases between these films were not observed, with all films 

containing significant fractions of the monoclinic phase, which formed at 460 °C. These results 
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differed from the observations for rapid thermal annealed films, where the lower oxygen content 

films had virtually no monoclinic phase. However, the heating rate used for these HTXRD 

experiments was significantly slower than the films which underwent a rapid thermal anneal 

(2 °C/minute compared to 67 °C/second), and studies have shown that heating rate significantly 

affects phase formation in HfO2-based thin films.52,53 Additionally, at sufficiently high 

temperatures and long times, the high kinetic barrier of the transition from the tetragonal or 

orthorhombic phases to the monoclinic phase can be overcome and the monoclinic phase can be 

formed during the annealing process.54,55 Thus, the kinetic mechanisms for monoclinic phase 

formation may be responsible for the differences observed here. Further, the presence of oxygen 

impurities in the nitrogen gas, desorption from the furnace insulation, and desorption from the 

alumina sample stage and sample holder during these measurements may have eliminated the 

differences in the original oxygen content within the films and altered the nucleation behavior.  

 

 

Figure 5.5: High temperature XRD measurements of films deposited with equivalence of (a) 7.4, 

(b) 7.6, and (c) 8.0 % oxygen. 

 

5.5.2. Electrical Characterization 

Figure 5.6 shows the polarization response of films deposited with (a) 7.4 %, (b) 7.6 %, 

and (c) 8.0 % oxygen in the plasma following field cycling with 5000 3 MV/cm square waves. The 

remanent polarizations obtained using PUND measurements and relative permittivity values, 

assessed as the initial permittivity from a Rayleigh formalism, are shown in Fig. 5.6(d). The 

previously discussed film with 7.1 % oxygen in the plasma was electrically shorted in the pristine 

condition (before field cycling), so the characterization of electrical properties focused on the films 
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deposited with higher oxygen content in the plasma. Before field cycling, the polarization 

hysteresis loops were pinched (Figure 5.7), as is commonly observed for hafnia-based 

ferroelectrics, and may be attributed, in part, to domain pinning or presence of the tetragonal phase. 

Relative permittivities of the three samples were 34, 35, and 26 for the 7.4, 7.6, and 8.0 % samples, 

respectively. After field cycling, the loops opened up, and the polarization response for all of the 

films was well-saturated, indicative of low leakage current contributions and large orthorhombic 

phase contents. The films deposited with 7.4 % and 7.6 % oxygen in the plasma had remanent 

polarization values of 8.0 and 8.7 μC/cm2, respectively and similar coercive fields of +1.3/-

0.7 MV/cm.  The 8.0% sample had a lower remanent polarization of 3.5 μC/cm2, lower saturation 

polarization, and coercive fields of +0.6/-0.3 MV/cm. Relative permittivities of the films after field 

cycling were 34, 34, and 26 for the 7.4, 7.6, and 8.0 % samples, respectively. The low permittivity 

of the film deposited with 8.0 % oxygen in the plasma can be explained, in part, by the presence 

of the monoclinic phase in this film since the monoclinic phase is known to have the lowest relative 

permittivity of the three phases.56 The minimal changes in permittivities of the 7.4 and 7.6 % 

samples after cycling suggest that domain pinning was largely responsible for the pinched 

hysteresis response before cycling and that wake-up-driven phase transformations had limited 

contribution to the observed increase in remanent polarization. This indicates that the diffraction 

data above is showing largely the orthorhombic phase rather than a combination of tetragonal and 

orthorhombic phases. 
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Figure 5.6: Nested polarization hysteresis measurements after field cycling for the samples 

deposited with oxygen plasma concentrations of (a) 7.4 %, (b) 7.6 %, and (c) 8.0 %. (d) Remanent 

polarization from PUND (closed circles) and relative permittivity (open squares) versus % O2 in 

the plasma. 
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Figure 5.7: Nested polarization hysteresis measurements for the samples deposited with (a) 7.4 % 

O2, (b) 7.6 % O2, and (c) 8.0 % O2 before field cycling. (d) Relative permittivity versus % O2 in 

the plasma. 

 

5.5.3.  Microstructural Characterization 

Since grain size was anticipated to play a significant role in phase stability in HfO2 thin 

films, the microstructure was examined using plan-view SEM with images shown in Figure 5.8. 

From visual inspection of these micrographs, the grains appear to be similar in size and 

morphology. To further quantify the grain sizes, the lineal intercept procedure was used, and the 

mean intercept length is reported in Figure 5.9, with error bars representing 95% confidence 

intervals.57 Quantification of the mean intercept length reveals sizes between 19.1 ± 1.3 to 20.6 ± 

1.1 nm and virtually no difference in the lateral grain sizes between samples. 
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Figure 5.8: Plan-view SEM images of films with varying oxygen content during deposition. 

 

Figure 5.9: Average lateral grain size calculated using the line-intercept method on the plan-view 

SEM micrographs with error bars representing 95 % confidence intervals. 
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Figure 5.10: Dark-field TEM images of annealed samples deposited with (a) 7.4, (b) 7.6, and (c) 

8.0 % oxygen in the plasma. The red, blue, and green colors correspond to data collected for 

different electron beam rotations about the optic axis. 

 

Composite conical dark-field TEM micrographs of the films are provided in Figure 5.10. 

Conical dark-field was performed instead of conventional bright-field imaging because all grains 

in the bright-field images had similar diffraction contrast. The conical dark-field images were 

acquired with the same electron beam tilt-angle and different rotations about the optic axis. Each 

composite conical dark-field image comprises three individual conical dark-field images and 

allows the microstructure to be assessed over larger areas. The three different colors of the images 

represent grains that satisfy diffraction conditions for the three different rotations. The micrographs 

reveal that the films are one grain thick. Furthermore, it was observed that the films contain 

approximately 100 nm wide clusters of similarly-oriented grains with average lateral grain sizes 
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of 20 nm, suggesting that these clusters are approximately five grains across. The average in-plane 

grain diameters calculated from measurements of 10 grains in each sample are shown in Table 5.1 

and are, in general, consistent with the plan-view measurements. Because of the presence of 

ferroelastic twin boundaries in the monoclinic grains, the calculated average grain diameter is 

effectively half of its actual size. Taking domains into account, the dark-field results agree with 

the conclusions drawn from the SEM grain size measurements and the crystallite size 

measurements from XRD data, which show that the grain size does not significantly vary with 

oxygen content. 

 

Table 5.1: Average grain size and 95% confidence interval from SEM images and average in-

plane grain diameter and standard deviation from dark-field TEM images. 

 

% O2 in 

Plasma 

Average Grain 

Size from SEM 

(nm) 

95% Confidence 

Interval (nm) 

Average Grain 

Diameter from 

TEM (nm) 

Standard 

Deviation 

(nm) 

7.4 19.5 1.0 28.66 12.64 

7.6 19.1 1.3 22.15 12.31 

8.0 19.9 1.2 14.14 3.55 

 

Combined, the SEM and TEM microstructure analysis showed minimal variations in grain 

sizes for each sputter condition. However, X-ray diffraction and electrical analysis showed 

significant variations in phases present and ferroelectric behavior. These results suggest that the 

phase constitution and performance cannot be explained by differences in grain size. The oxygen 

content in the sputter atmosphere appears to play a much stronger role. Although the oxygen 

content in the plasma during sputtering is known, it is unknown how this affects the oxygen content 

in the deposited films and how the oxygen content may change after annealing. Thus, several 

techniques were used to evaluate the oxygen content in the films to enable the correlation of phase 

formation and ferroelectric response with oxygen stoichiometry. 
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5.5.4. Leakage Current Measurements 

To start, leakage current measurements were performed as an indirect method to assess 

oxygen vacancy concentrations. Several groups have used leakage current measurements to 

estimate oxygen vacancy concentrations via trap-assisted tunneling fits for HfO2-based thin 

films.34,51,58 It is known that higher oxygen vacancy concentrations result in higher leakage 

currents due to oxygen vacancies acting as charge carrier traps and electroneutrality conditions 

dictating that each oxygen vacancy be compensated by two electrons.59–61 However, measurements 

of leakage current in the crystalline films in this study (Figure 5.11) revealed values of 10-10 to 

10-7 A/cm2 even at fields as high as 2.5 MV/cm. These low leakage currents are consistent with 

the well-saturating polarization hysteresis measurements, which showed no indications of leakage 

current artifacts despite the relatively low measurement frequency. No obvious signature of trap-

assisted tunneling could be observed in these films, and this precluded the use of the leakage 

current measurement and fitting approach to estimate oxygen vacancy concentrations. 

 

Figure 5.11: Leakage current density measurements for annealed films deposited with 7.4, 7.6, 

and 8.0 % oxygen in the sputtering atmosphere. 
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5.5.5. Electron Energy Loss Spectroscopy 

EELS was conducted via TEM to further investigate the oxygen stoichiometry and 

electronic structure of the crystalline films. Figure 5.12a shows the single-scattered O-K 

ionization edge, which measures excitations from O 1s core levels to unoccupied O 2p states.62 

The energy-loss near-edge fine structures (ELNES) provide information about the local electronic 

structure around the oxygen ions.63 A higher intensity in this region is indicative of more oxygen 

in the films, and a trend of higher signals with increasing oxygen in the plasma during deposition 

is evident. The doublet peak, consisting of the peaks labeled A and B, at the edge onset are due to 

crystal field splitting of the Hf 5d states, which are hybridized with the O 2p states.64 The reduced 

intensity of peak A in comparison to peak B has been attributed to the presence of oxygen 

vacancies in zirconium oxide, and has also been observed in low-oxygen content ALD-prepared 

HfO2 films.65,66 The reduced intensity of peak A for the 7.4 % oxygen sample is more pronounced 

in Figure 5.12b, where the intensity was normalized to the peak B maximum, indicating that this 

sample may have a higher concentration of oxygen vacancies than the 7.6 and 8.0 % samples. 

Additionally, the 8.0 % sample shows increased asymmetry of peak A in comparison to the other 

samples. This is likely due to the presence of the monoclinic phase, in addition to the 

orthorhombic/tetragonal phases, in this sample, which will lead to broadening of these peaks due 

to variations in bond lengths, angles, and ion coordination.67,68 
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Figure 5.12: (a) Single-scattered core-loss EELS spectra showing the O-K ionization edge of films 

deposited with 7.4, 7.6, and 8.0 % oxygen. (b) Doublet peaks (A and B) at the edge onset with 

normalized maximum intensity of peak B. 

 

  

Figure 5.13: Low-loss EELS spectra for hafnium oxide with varying oxygen. The grey line marks 

the center of the plasmon peak for the 8.0 % sample. 
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Figure 5.13 shows the low-loss EELS spectra for the samples. The peak marked with the 

grey line results from a plasmon excitation.69 There are a number of factors that can affect the 

position of this peak, including oxygen vacancy concentration. A shift in the position of this peak 

indicates a change in carrier concentration, where a shift to higher energy indicates more carriers.68 

The 7.4 and 7.6 % oxygen samples have shifted to higher energies in comparison to the 8.0 % 

sample, suggesting that these samples contain more oxygen vacancies in agreement with previous 

research.68 This is supported by the calculated stoichiometry, x in HfOx, shown in Table 5.2, which 

was assessed using the O-K edge, measured from 530 to 560 eV (Fig. 5.12), and Hf-M edges, 

measured from 1650 to 1840 eV shown in Figure 5.14. Using edges separated by large energies 

can affect background fitting and may result in quantification errors. However, the relative 

differences in the stoichiometries between samples are able to be used for comparison. From this 

analysis, it can be observed that the sample deposited with the lowest amount of oxygen in the 

plasma is the most oxygen-deficient, likely correlating with a higher concentration of oxygen 

vacancies. 

 

Table 5.2: Compositions of the amorphous films (from XPS) and crystallized films (from XPS 

and EELS). 

 

% O2 in Plasma 

x in HfOx from 

EELS 

(Crystalline) 

x in HfOx from 

XPS 

(Amorphous) 

x in HfOx from 

XPS 

(Crystalline) 

7.4 1.51 1.60 1.30 

7.6 1.63 1.79 1.47 

8.0 1.68 1.83 1.70 
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Figure 5.14: EELS spectra showing the Hf-M edge used for stoichiometry calculations of annealed 

films deposited with 7.4, 7.6, and 8.0 % oxygen in the sputtering atmosphere. 

 

5.5.6.  X-Ray Photoelectron Spectroscopy 

 To further investigate the oxygen content, XPS was used to study films in both the 

amorphous and crystalline states. The composition in the surface and near-surface region were 

obtained by fitting the Hf 4f and O 1s spectra to calculate the ratio of oxygen to hafnium. The value 

of x in HfOx obtained from XPS for amorphous and crystalline films is included in Table 5.2. 

Because the O 1s core electrons have a lower kinetic energy than the Hf 4f core electrons, the 

adventitious carbon layer will attenuate the O 1s signal more than the Hf 4f signal, resulting in 

compositions that are more oxygen deficient. However, these values are similar to those obtained 

from EELS measurements, and can be used for qualitative comparison. Thus, it is evident that the 

films are oxygen-deficient, and the oxygen content increases as expected with the oxygen 

concentration in the plasma during deposition, consistent with the EELS results. 

 To gain more insight into the electronic structure, Figure 5.15 shows the Hf 4f core levels 

for (a) amorphous and (b) crystalline films with the intensity normalized to the Hf 4f7/2 peak 

maximum. The insets show the tail on the low binding energy side of the Hf 4f7/2 peak, which is 
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known to correlate with the presence of a sub-oxide Hf3+ peak. This signature has been attributed 

to the presence of oxygen vacancies in which the two electrons remaining at the vacancy site from 

the removed neutral oxygen atom are distributed among two neighboring Hf4+ atoms.70–73 

Evidence of this sub-oxide Hf3+ contribution is visible in the tail of the Hf 4f7/2 peak for the 

amorphous films deposited with 7.4 and 7.6 % oxygen. Although the intensity of the Hf3+ peak is 

too low to allow for a quantitative assessment with a fit, a comparison of the spectra shows a clear 

trend: increasing contribution from the Hf3+ peak, and thus increasing concentration of charged 

oxygen vacancies correlates with decreasing oxygen percentage during sputtering. The 

corresponding Hf3+ 4f5/2 peak is positioned in the valley between the Hf4+ doublet and leads, 

therefore, to a concomitant change in the depth of this valley. In the crystalline films, however, 

there are no observable differences in the tails of the Hf 4f7/2 peaks or in the valleys. These results 

suggest that there is a larger concentration of positively charged oxygen vacancies in the 

amorphous films than in the films after rapid thermal annealing and crystallization. This is despite 

the stoichiometry quantification by EELS and XPS showing large oxygen deficiencies in both the 

amorphous and crystallized states. It is speculated that after crystallization, the oxygen vacancies 

are neutral and have electrons trapped to their local sites; that is, the electrons that charge 

compensate for the missing oxygen are not localized at adjacent hafnium ions where they would 

be expected to lower the hafnium valence. 
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Figure 5.15: Hf 4f core levels for (a) amorphous and (b) crystalline films with the intensity 

normalized to the Hf 4f5\7/2 peak maximum. The insets show the tail of the Hf 4f7/2 peak where 

evidence of a Hf3+ peak resides. 

 

5.5.7. Positron Annihilation Spectroscopy 

To further investigate the nature of the oxygen vacancies in these films, PAS was used. 

PAS is a sensitive technique used to characterize defects and vacancies in solids.74 When a positron 

is implanted into a solid, it rapidly thermalizes within a few picoseconds and then diffuses 

throughout the volume, where it may be trapped at open-volume defects. The probability of 

trapping depends on the defect charge state, with the probability of trapping at neutral or negatively 

charged states orders of magnitude above that for positively charged states at room temperature.75 

Trapped positrons are more likely to annihilate with an electron than delocalized positrons, and 

the combined momentum results in a Doppler shift of the two annihilation photons. Because the 

momentum distribution of electrons in a defect differs from that in the bulk, these defects can be 

detected by measuring the Doppler broadening spectra of annihilation radiation. The change in 

Doppler broadening spectra is characterized by the S (line shape) and W (wing) parameters, which 

describe different shapes in the spectra.76 A larger S value corresponds to a larger concentration 
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and/or volume of defects and vacancies, while the W parameter provides information about the 

chemical and structural environment. 

Depth-resolved Doppler Broadening Spectroscopy was used to obtain the S and W 

parameters of the three HiPIMS-deposited HfO2 films in both the amorphous and crystallized 

states. Figure 5.16a shows a plot of the S parameter versus W parameter for the oxide layer. Two 

standards, sintered bulk ceramic HfO2 and hafnium metal, are shown in this plot in addition to the 

HiPIMS-deposited HfO2 films. The amorphous samples fall on a line that runs parallel to that 

connecting the sintered HfO2 and hafnium metal. This implies that the positrons are experiencing 

an environment that partially HfO2 and partially metal Hf and is consistent with the presence of 

oxygen vacancies where the nearest neighbor atoms around the missing oxygen would be hafnium 

atoms. Positrons, owing to their positive charge, are most sensitive to neutral or negatively charged 

vacancies or defects in materials. Based on defect chemistry, it may be expected that oxygen 

vacancies in HfO2 would be positively charged, so they would not effectively trap positrons. 

However, neutral oxygen vacancies can exist if the electrons do not delocalize, and these vacancies 

can be responsible for the change in S parameter observed here.61,77–79 It is possible that neutral 

Hf-O divacancies exist as well; however, the structural disorder required given the high 

concentrations of oxygen vacancies as measured by EELS and XPS would suggest that these are 

not the dominant defect. These results, therefore, indicate that neutral oxygen vacancies are the 

dominant defect and that the concentration increases with decreasing oxygen content during 

sputtering for the amorphous films. 

Figure 5.16b and c show the S parameter versus percentage of oxygen in the plasma for 

the amorphous samples and crystalline samples, respectively. Overall, the crystalline samples have 

higher S parameters than the amorphous samples, demonstrating that these films have a higher 

concentration of defects detectable by PAS after annealing. This may suggest that there is an 

increase in the population of neutral oxygen vacancies after crystallization. This is consistent with 

the XPS spectra (Fig. 5.15) that showed a reduction in the Hf3+ peak that correlates with positively 

charged oxygen vacancies after annealing, in addition to the quantification of stoichiometry by 

XPS that demonstrated that the films were more oxygen-deficient after crystallization (Table 5.2). 

Neutral oxygen vacancies would not manifest as an Hf3+ peak in XPS, but would be more easily 

detectable by PAS. Further, these observations are consistent with the low leakage currents 
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measured in these films as the oxygen vacancy compensating electrons appear to not be ionized in 

the crystallized films. 

Additionally, the S versus W parameter trends of the crystalline samples run perpendicular 

to the line connecting the sintered HfO2 and hafnium metal due to differences in their W 

parameters. This indicates that there are differences in the chemical environment that the positrons 

are experiencing related to coordination number. These differences in coordination number are 

supported by the XRD data (Fig. 5.2), which showed that the sample prepared with 8.0 % oxygen 

in the plasma contained significant volume fractions of monoclinic phase in addition to the 

orthorhombic and/or tetragonal phases and the ELNES EELS spectra, which showed complexity 

in peak A for the 8.0 % sample due to a difference in the distribution of bonding in this sample 

(Fig. 5.12b). Given the large concentrations of oxygen point defects in these samples, as quantified 

by both EELS and XPS, it is plausible that defect clusters such as divacancies exist as well, which 

would impact the local environment experienced by positrons. 
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Figure 5.16: (a) Positron annihilation spectroscopy S versus W parameters for amorphous and 

crystalline samples. Error bars are smaller than marker size. S parameter versus % O2 in the plasma 

for (b) amorphous and (c) crystalline samples. 

 

Combined, the EELS, XPS, and PAS analysis show that the oxygen content in the plasma 

has a direct correlation with the amount of oxygen and oxygen point defects present in the films – 

both in the amorphous and crystalline states. While measuring oxygen content precisely is 

challenging, the relative consistency of the stoichiometries measured across the same samples with 

multiple techniques suggests that the oxygen vacancy concentrations required to stabilize the 

ferroelectric phase in pure HfO2 are significant. Furthermore, HfO2 phase stability is extremely 

sensitive to the amount of oxygen present, and oxygen variations of less than 1% in the sputter gas 

atmosphere are sufficient to change nucleation behavior from being primarily the ferroelectric 
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orthorhombic phase to significantly the non-ferroelectric monoclinic phase. The small change in 

oxygen content in the sputter atmosphere leads to large variations in oxygen content in the 

deposited films. The XPS data suggest that x can vary by as much as 0.2 in the amorphous films 

for a 0.6% change in sputter atmosphere oxygen content. Additionally, the oxygen content 

boundary separating preparation of the orthorhombic ferroelectric phase and the non-ferroelectric 

monoclinic phase is relatively small at x of just ~0.05. Fine control of oxygen content is, therefore, 

vital in the preparation of the ferroelectric phase in pure HfO2.  

In the amorphous films, a high concentration of oxygen vacancies was measured and 

observed across all three films. The Hf3+ signature in XPS suggests that some fraction of these 

oxygen vacancies were ionized. In the crystalline state, large concentrations of oxygen vacancies 

were still observed; however, they appear to be largely neutral due to the lack of Hf3+ signature as 

well as the extremely low leakage currents and the increased S parameter in the PAS experiments. 

The presence of these oxygen vacancies stabilizing the ferroelectric phase is consistent with many 

other experimental reports as well as a recent computational result.80 Furthermore, the 

computational predictions revealed that the fraction of ionized vacancies should be many orders 

of magnitude lower than neutral vacancies in pure HfO2. This is consistent with the measurements 

in this study and confirms that in this very wide band gap ferroelectric, the oxygen vacancies do 

not necessarily ionize at room temperature and that high point defect densities can be tolerated 

without leading to performance-degrading leakage currents. By comparison, HZO films with high 

oxygen vacancy concentrations resulted in high leakage currents, and clear trap-assisted 

tunneling.81 It should be noted that HZO has been reported to have a lower band gap than pure 

HfO2 for the same phases.82 and that this lower band gap may result in lower barriers for ionization 

of electrons from oxygen vacancies leading to higher leakage currents. It is also not clear what role 

carbon contamination in ALD-prepared films may play in sub-band gap defect states, but this work 

suggests that they may contribute to leakage because large leakage currents and trap-assisted 

tunneling were observed in undoped ALD-prepared HfO2 films34. This indicates that in the absence 

of chemical impurities, dopant-free HfO2 may be more robust against leakage currents and 

attractive for devices such as FTJs and FeFETs where non-direct tunneling and charge-trapping, 

respectively, impact device performance. 
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5.6.  Conclusions 

HiPIMS is a promising method to prepare ferroelectric HfO2 films. It allows for high 

chemical purity and enabled the study of oxygen defect impacts to phase nucleation and 

ferroelectric performance in pure HfO2 films. Specifically, in this study, 20 nm HfO2 films were 

deposited from a high purity hafnium metal target via reactive HiPIMS with oxygen in the plasma 

varied from 7.1 to 8.0 %. The film deposited with the highest amount of oxygen contained the 

monoclinic phase in addition to the orthorhombic and/or tetragonal phases, while films with lower 

oxygen contained significant fractions of the orthorhombic phase after crystallization. These 

differences extended to electrical properties, where the 7.4 and 7.6 % films had the highest 

remanent polarization values of 8.0 and 8.7 μC/cm2, respectively, and the 8.0 % film had a 

remanent polarization of 3.5 μC/cm2. Assessment of the microstructure of these films showed that 

the films had similar grain sizes; however, the phases present and electrical properties varied, 

suggesting that these differences cannot be explained by variations in grain sizes. Several methods 

were used to assess the oxygen content in the films; EELS and XPS showed that the films were 

significantly oxygen-deficient, that lower oxygen content in the plasma resulted in lower oxygen 

in the films, and that the films were more oxygen-deficient after annealing. Thus, differences in 

oxygen content and oxygen vacancy concentration are responsible for the phase constitutions and 

electrical properties of these films. Additionally, in spite of the large oxygen non-stoichiometries 

in these films, the leakage currents remained extremely low. XPS measurements revealed the 

presence of Hf3+ in the amorphous phase, which signifies the presence of positively charged 

oxygen vacancies, suggesting that the electrons compensating the oxygen point defects were 

delocalized from the vacancies. In the crystalline samples, however, no Hf3+ signature could be 

observed, although the films were more oxygen deficient. These results, combined with the low 

leakage currents and increased S parameter in PAS experiments, indicate that the electrons are 

localized to the oxygen point defects and are not ionized. This study demonstrates that the 

properties of ferroelectric HfO2 thin films are highly sensitive to oxygen content and that high 

oxygen vacancy concentrations do not necessarily lead to large leakage currents. Controlling the 

concentrations of oxygen vacancies in the film preparation process is of utmost importance for 

enabling the integration of phase-pure hafnium oxide into devices. 
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5.7.  Addendum 

 This work refers to the possible presence of three phases in these films – the monoclinic, 

polar orthorhombic, and tetragonal phases, with differentiation between the polar orthorhombic 

and tetragonal phases being difficult. Since the time of publication, the presence of the antipolar 

Pbca phase in other HfO2 films deposited by HiPIMS has been identified in nano-Fourier 

transform infrared spectroscopy measurements. Thus, the presence of the antipolar orthorhombic 

phase in these films should be considered a possibility. 

 Additionally, the XPS O1s spectra were not published, and are shown in Figure 5.17, 

below. 

 

Figure 5.17: XPS O1s spectra for the films deposited with 7.4 (a, b), 7.6 (c, d), and 8.0% (e, f) 

plasma oxygen in the amorphous (a, c, e) and crystalline (b, d, e) states.  

    

    

                    

    



121 

 

5.8.  Acknowledgements 

 This work was supported by the Semiconductor Research Corporation (SRC) within the 

Nanomanufacturing, Materials, and Processes (NMP) Program under task 2875.001. S.T.J. 

acknowledges support from the U.S. National Science Foundation’s Graduate Research 

Fellowship Program under grant DGE-1842490. E.R.H. and P.E.H. appreciate support from the 

Army Research Office, Grant No. W911NF-16-1-0406. The XPS instrument acquisition (Reinke 

group) was supported by a DURIP award (Office of Naval Research) Grant N00014-16-1-2842, 

program manager Dr. David Shifler. This work was performed, in part, at the Analytical 

Instrumentation Facility (AIF) at North Carolina State University, which is supported by the State 

of North Carolina and the National Science Foundation (award number ECCS-2025064). The AIF 

is a member of the North Carolina Research Triangle Nanotechnology Network (RTNN), a site in 

the National Nanotechnology Coordinated Infrastructure (NNCI). Sandia National Laboratories is 

a multimission laboratory managed and operated by National Technology and Engineering 

Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the 

U.S. Department of Energy’s National Nuclear Security Administration under contract DE-

NA0003525. This paper describes objective technical results and analysis. Any subjective views 

or opinions that might be expressed in the paper do not necessarily represent the views of the U.S. 

Department of Energy or the United States Government. 

  



122 

 

Chapter 6: Optical Properties as Identifiers of the Phases of 

Hafnium Oxide Thin Films 

 

The contents of this chapter are in preparation for submission for publication with the following 

authors. 

Samantha T. Jaszewski,a Sebastian Calderon,b Bishal Shrestha,c Shelby S. Fields,a Fernando 

Vegad, Nikolas J. Podraza,b Elizabeth C. Dickey,b Thomas E. Beechem,d and Jon F. Ihlefelda,d 

a Department of Materials Science and Engineering, University of Virginia, 

Charlottesville, Virginia 22904, USA 

b Department of Materials Science and Engineering, Carnegie Mellon University, 

Pittsburgh, Pennsylvania 15213, USA 

c Department of Physics and Astronomy, Wright Center for Photovoltaic Innovation & 

Commercialization, University of Toledo, Toledo, OH 43606, USA 

d School of Mechanical Engineering and Birck Nanotechnology Center, 

Purdue University, West Lafayette, 47907, IN, USA 

e Charles L. Brown Department of Electrical and Computer Engineering, University of 

Virginia, Charlottesville, Virginia 22904, USA 

 

 

6.1. Motivation 

 Integration of ferroelectric HfO2-based materials into devices will require high fractions 

of the ferroelectric phase for optimal performance. Other chapters in this dissertation discuss the 

factors that have been shown to stabilize the ferroelectric phase in HfO2-based thin films, 

including oxygen content, microstructure, dopants, and stress; however, in order to exploit these 

factors, accurate phase identification is vital. The majority of literature in this field identifies 

three primary phases that can coexist in HfO2-based films – the polar orthorhombic Pca21 phase 

responsible for ferroelectricity and the non-ferroelectric tetragonal P42nmc and monoclinic P21/c 

phases. It has been suggested that a phase transformation from the tetragonal to polar 

orthorhombic phase is, in part, responsible for wake-up in this material. However, a recent report 
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utilized scanning transmission electron microscopy to observe a transition from the often-

overlooked antipolar orthorhombic Pbca to the polar orthorhombic phase with field cycling.190 

These results may point to a misidentification of the antipolar orthorhombic phase as the 

tetragonal phase in the past. This misidentification is not surprising considering the difficulty in 

phase identification using traditional thin film characterization techniques like grazing-incidence 

X-ray diffraction due to the similarities in d-spacings of the orthorhombic and tetragonal phases. 

These challenges highlight the necessity of exploring other characterization techniques in order 

to precisely differentiate between the phases that coexist in this material. Accordingly, the 

purpose of this chapter is to exploit optical properties, which have not been effectively used as of 

yet, in order to identify the phases present in HfO2 thin films. 

 

6.2. Abstract 

 Phase identification in HfO2-based materials is a prerequisite to realizing means for 

stabilizing the material’s ferroelectric phase, which holds great promise as a next-generation 

memory technology. While grazing-incidence X-ray diffraction (GIXRD) is commonly 

employed to this end, it has difficulty unambiguously differentiating between the ferroelectric 

orthorhombic phase and other metastable phases that may exist. Optical properties provide an 

alternative route. Its use in phase identification remains limited, however, as phase control has 

overwhelmingly been accomplished via doping, thereby convoluting optical signatures between 

the dopant and phase changes they induce.  Herein, we report the visible, ultraviolet, and infrared 

optical properties of three undoped HfO2 films that have been confirmed by transmission 

electron microscopy to consist primarily of the ferroelectric polar orthorhombic Pca21, antipolar 

orthorhombic Pbca, and monoclinic P21/c phases, respectively. The indirect optical band gaps of 

these films are found to be 6.01, 6.05, and 5.88 eV, respectively. The close similarity in 

bandgaps for the predominantly orthorhombic films indicates that these films—while not phase 

pure—are primarily composed of this crystal class and have only small amounts of the tetragonal 

or monoclinic phase.  The two orthorhombic phases can be differentiated via vibrational 

spectroscopy as shown via unique signatures from synchrotron nano-Fourier transform infrared 

spectroscopy (nano-FTIR) measurements. This work illustrates that IR spectroscopy is a means 

by which phases can be unambiguously assessed in this material system in a non-destructive and 

nanoscale manner. 
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6.3. Introduction 

  In 2011, ferroelectricity was first reported in hafnium oxide (HfO2) thin films doped with 

Si.28 Interest in this material has since grown tremendously because of the microelectronic-related 

benefits that HfO2 has over traditional ferroelectrics like lead zirconate titanate and barium titanate. 

These benefits include chemical compatibility with mainstream semiconductors,15 current use as 

a high-κ dielectric in CMOS devices,26 and ferroelectricity stable to 1 nm in thickness.29 Although 

promising as a base material for ferroelectric random access memory (FeRAM), ferroelectric field 

effect transistors (FeFETS), and ferroelectric tunnel junctions (FTJs), significant hurdles remain 

before HfO2 can be widely implemented in these devices. A central challenge is the creation and 

stability of maintaining HfO2 in its ferroelectric—but non-equilibrium—polar orthorhombic phase 

(space group Pca21) in a material that is highly polymorphic.   

Within HfO2 thin films, for example, the non-equilibrium ferroelectric polar orthorhombic 

phase is most often reported to coexist with the equilibrium nonpolar monoclinic (P21/c)  and non-

equilibrium tetragonal (P42nmc) phases.29,179,191,192 Recent reports, meanwhile, have demonstrated 

a phase transformation from the antipolar orthorhombic phase (Pbca) to the polar orthorhombic 

Pca21 phase with electric field cycling,190 suggesting that this often overlooked antipolar 

orthorhombic phase may play a significant role in the wake-up HfO2-devices. The interplay of 

these four phases—monoclinic (P21/c), tetragonal (P42nmc), antipolar (Pbca), and polar (Pca21) 

orthorhombic —is necessarily complex and affected by several factors including dopant type and 

concentration,58,64,66,69,182 biaxial stress,161,193 oxygen vacancies,62,194 and film thickness or grain 

size.34,195  Detangling the interplay of these competing effects is difficult, necessary, and requires 

accurate phase identification in thin films that are less than 50 nm thick.35 

Phase identification in thin-film HfO2 is not straightforward, however. Grazing-incidence 

X-ray diffraction (GIXRD) is commonly employed for phase identification due to its 

comparatively high-throughput, non-destructive nature, and surface sensitivity. For these reasons, 

it is often used to assess phases present in HfO2-based thin films. However, definitive 

differentiation between the orthorhombic (Pca21 and Pbca) and tetragonal (P42nmc) phases is not 

easily achieved due to similarities in the d-spacings of these phases and the low scattering intensity 

of the unique orthorhombic peaks.196 Thus, other characterization methods are necessary to 

identify and quantify the phases in HfO2.    
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Vibrational spectroscopy provides one alternative, as it is typically more sensitive to local 

structure changes than standard X-ray diffraction techniques that are most applicable to thin films.  

The differences in symmetry, bonding, and polarity amongst the phases necessarily alter the 

phonon dispersion sampled by these techniques.  Several predictions have, therefore, suggested 

that infrared (IR) and Raman spectroscopy techniques can identify phases in HfO2-based 

films.34,44,180,181 Experimentally, recent reports have shown the utility of Raman spectroscopy in 

differentiating the polar orthorhombic, tetragonal, and monoclinic phases in 30 nm thick HfO2 

films.197 Raman spectroscopy is, however, inherently signal starved relative to other methods 

necessitating either sampling of thicker HfO2 layers or the use of higher laser powers having the 

potential to induce phase changes. Fourier-transform infrared spectroscopy (FTIR) measurements, 

meanwhile, have enabled phase identification in doped-HfO2 thin films,71,182 although 

differentiation between the orthorhombic and tetragonal phases was not proven. FTIR signatures 

differentiating the monoclinic, antipolar orthorhombic, and polar orthorhombic phases were 

identified, in contrast, in bulk (200 µm)  single crystals of HfO2 stabilized with yttrium.44 These 

results show promise for phase differentiation in more technologically-relevant  HfO2-based thin 

films. 

Optical bandgaps also present an opportunity for differentiating between phases of HfO2. 

Experimentally, variations in the bandgap with doping have been observed across the entire 

composition range of the Hf1-xZrxO2 system.21 From a theoretical perspective, density-functional 

theory (DFT) has predicted relative differences in the bandgaps for tetragonal, orthorhombic, and 

monoclinic phases that exceed 0.1 eV for both undoped HfO2 and various compositions of Hf1-

xZrxO2.  Differences of this magnitude are sufficient for experimental observation.  Thus, there is 

an opportunity to investigate band gap variation as a means of differentiating between 

orthorhombic, tetragonal, and monoclinic phases in pure HfO2. 

Taken together, optical properties, therefore, hold promise for identifying phases in thin 

films of HfO2 and devices fabricated from it. Capitalizing on this promise requires the 

identification of markers for each technique that differentiates between the phases. Obtaining these 

markers has been confounded by the difficulty in preparing samples of varying phases having the 

same chemical composition.  For example, the bandgap changes with the majority phase in Hf1-

xZrxO2 but is accompanied by variation in Zr-content as well.21 Recognizing that electronic and 

phonon band structures are dependent upon composition as well as phase, it is difficult to 
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disentangle the effects.  Consequently, reports on the phase dependence of the optical properties 

of HfO2 thin films having the same composition are lacking and obfuscate how optical responses 

can be used to unambiguously for phase identification.   

With this motivation, three undoped, nominally 20 nm thick, HfO2 films were prepared 

using High Power Impulse Magnetron Sputtering (HiPIMS). Sputtering has several advantages 

over conventional thermal atomic layer deposition for preparing hafnia films, including a lack of 

carbon impurities and greater freedom in engineering deposition conditions to tailor phase 

formation. Following identical depositions, films were annealed for different times and 

temperatures to alter the phase makeup of the films (see Table 6.1). Grazing-incidence X-ray 

diffraction (GIXRD) and electrical measurements verified that the predominant phase consisted of 

the polar orthorhombic, antipolar orthorhombic, and monoclinic phase. The predominance of these 

phases was further supported by scanning transmission electron microscopy (STEM). With these 

results serving as a basis for interpreting the optical response, the band gaps of the different phases 

in HfO2 were quantified using spectroscopic ellipsometry and the vibrational spectra obtained with 

near-field nano-FTIR measurements. Definitive spectroscopic markers differentiating between the 

monoclinic, polar orthorhombic, and antipolar orthorhombic phases are reported.  

 

Table 6.1. Annealing conditions and resulting primary phase formed in the HfO2 films. 

Anneal Temperature (°C) Anneal Time (s) Primary Phase (space group) 

700 30 Antipolar orthorhombic (Pbca) 

750 30 Polar orthorhombic (Pca21) 

800 1200 Monoclinic (P21/c) 

 

6.4.  Results and Discussion 

6.4.1. Grazing-Incidence X-Ray Diffraction 

 GIXRD patterns of the three annealed films reveal different diffraction signatures 

indicative of phase variation, as shown in Figure 6.1. The film annealed at 800 °C for 1200 

seconds consists primarily of the monoclinic phase, as demonstrated by the peaks at approximately 
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28.5° and 31.75°, which are indexed as the (1̅11) and (111) monoclinic peaks. The small peak at 

30.5° observed in this film suggests the presence of a small fraction of the polar orthorhombic, 

antipolar orthorhombic, and/or tetragonal phase as well. This film will be denoted as monoclinic 

hereafter in reference to its majority monoclinic phase. Characterization methods discussed in 

forthcoming sections will further support this assignment. 

 Films annealed at 700 and 750 °C for 30 seconds have only one peak around 30.7° that can 

be indexed as the polar orthorhombic (o-p), antipolar orthorhombic (o-ap), and/or tetragonal (t) 

phase. A shift of the peak of the sample annealed at 750 °C to lower angles suggests that this film 

primarily contains the polar orthorhombic phase. The sample annealed at 700 °C primarily consists 

of the tetragonal or antipolar orthorhombic phase since the (101)t and (211)o-ap peaks are typically 

indexed at a slightly higher 2θ angle than the (111)o peak.198 Still, as discussed above, 

differentiation between these phases is difficult using diffraction-based techniques alone. 

Subsequent characterization discussed in the proceeding will, however, verify these assignments. 

These films are therefore labeled according to their predominant phase and referred to in the 

following discussion as the polar and antipolar films.  
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Figure 6.1. GIXRD patterns of the films annealed under different conditions to achieve majority 

polar orthorhombic (o-p), antipolar orthorhombic (o-ap), and monoclinic phases (m). Indices for 

peak positions of these phases, in addition to the tetragonal phase (t), are shown at the top of the 

figure. 

 

6.4.2. Electrical Characterization 

 Electrical measurements were performed to further characterize the majority phases in the 

films since each phase possesses a unique polarization and dielectric response. The polar 

orthorhombic phase is linked to ferroelectric behavior. The antipolar orthorhombic phase exhibits 

an antiferroelectric response. The tetragonal phase is considered a field-induced ferroelectric, 

meaning that its centrosymmetry can be broken by applying an electric field.199 Finally, the 

monoclinic phase displays linear dielectric behavior.  

 Figure 6.2 shows the polarization responses for each of the films highlighting their 

differences in the majority phase. The polar film (i.e., the film having a majority phase consisting 
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of Pca21) has a hysteresis loop that is characteristic of ferroelectricity. The loop is well-saturating, 

indicating that there are low leakage current contributions to polarization. Although the remanent 

polarization value is lower than typically observed in doped HfO2 films, it is consistent with 

observations of ferroelectric response in pure hafnia.47,48,104,200 The antipolar film displays, in 

contrast, a pinched hysteresis response that is consistent with antiferroelectric or field-induced 

ferroelectric behavior. Lastly, the monoclinic film exhibits linear dielectric behavior.  

 The corresponding capacitance-voltage (C-V) measurements are provided in Figure 6.2(d-

f) and further corroborate the phase assignments arrived at from the XRD and polarization 

responses. The C-V response of the polar film (d) exhibits a butterfly shape and two peaks 

characteristic of a ferroelectric material, while the antipolar film (e) has four peaks indicative of 

an antiferroelectric-like response. The relative permittivity of the polar and antipolar films are 

similar. The tetragonal phase is reported to have a significantly higher relative permittivity than 

that seen here.179 The similarities in relative permittivity support the assignment of the antipolar 

as being primarily composed of the antipolar orthorhombic (Pbca) as opposed to the tetragonal 

(P42nmc) phase. Finally, the flat C-V response of the monoclinic film (f) is expected for a linear 

dielectric material, and a relative permittivity near 25 is comparable to that typically reported.179 
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Figure 6.2. Nested polarization hysteresis measurements for pristine films consisting primarily of 

the (a) polar orthorhombic phase, (b) antipolar orthorhombic phase, and (c) monoclinic phase. 

Relative permittivity (left axis) and loss tangent (right axis) versus electric field for (d) polar 

orthorhombic, (e) antipolar orthorhombic, and (f) monoclinic films. 

 

6.4.3. Transmission Electron Microscopy 

 To confirm the presence of the antipolar (Pbca) and polar (Pca21) orthorhombic phases, 

STEM images were acquired in differentiated differential phase contrast mode (dDPC). Figure 

6.3a shows the atomic models for both antipolar and polar orthorhombic phases viewed along a 

direction that facilitates the differentiation of these phases by the alternating position of the 

oxygen atomic columns in the Pbca phase (O2 ions in Figure 6.3a). Figure 6.3b-e shows 

annular dark-field (ADF) and dDPC cross-sectional images for the antipolar and polar films with 

a grain oriented along the zone axis schematized in Figure 6.3a. The results confirm the 

existence of the antiferroelectric orthorhombic Pbca phase in the antipolar film, in which an 

antipolar arrangement of the projected unit cells is denoted by black and white arrows (Figure 

6.3f). The polar film, on the other hand, exhibits a coexistence of both orthorhombic polar and 

antipolar phases, as observed by Cheng et al.,190 with a predominant presence of the polar phase 



131 

 

(Figure 6.3g). The presence of a tetragonal phase is also evident in both samples at the top 

surface of the films, where the samples are thinner after sample preparation. It should be noted 

that the presence of the monoclinic phase was also observed in some of the polar TEM samples.  

 

 

Figure 6.3. Antipolar (Pbca) and polar (Pca21) orthorhombic atomic models view along [001] 

and [100] zone axis, respectively (a). ADF (b and c) and dDPC images at low (d and e) and high 

(f and g) magnifications for both antipolar and polar films, respectively. 

 

6.4.4. Optical Band Gap Measurements 

 Spectroscopic ellipsometry was utilized to quantify the films’ index of refraction, which 

was then used to deduce the band gap. Briefly, the absorption coefficient (𝛼) was quantified as a 

function of wavelength (𝜆) via α = 4πk/λ, where k is the extinction coefficient. The indirect band 

gap for each film was then obtained via a Tauc plot201 (Figure 6.4) by extrapolating the photon 

energy at which α1/2 = 0. Further details are provided in the Methods section.  

 



132 

 

 

Figure 6.4. Tauc plots of α1/2 as a function of photon energy to obtain the indirect optical bandgap 

energies (Eg) of HfO2 films consisting primarily of the (a) polar orthorhombic phase, (b) antipolar 

orthorhombic phase, and (c) monoclinic phase. 

 

In the sub-bandgap region of each of the Tauc plots, a small hump is seen around 2 eV. 

Recent photoluminescence (PL) spectroscopy measurements of hafnium zirconium oxide films 

have identified PL modes with energies ranging from 2.3 – 3.0 eV that correspond to defect states 

resulting from oxygen vacancies.202 Thus, the absorption feature around 2 eV in the Tauc plots 

may be linked to oxygen vacancy-induced defect states in these films. In addition, the monoclinic 

film exhibits a low energy shoulder on the absorption edge at approximately 6 eV, which has been 

shown to be an electronic excitation that is intrinsic to crystalline monoclinic HfO2, unrelated to 

oxygen vacancy defects.203,204 Taking into account these sub-bandgap features,205 a bandgap of 

5.88 ± 0.01 eV was deduced. This value is in agreement with previous reports for the monoclinic 

phase.21–23,206,207  Quantitatively, the band gaps for the polar and antipolar films are quite similar, 

with values of 6.01 ± 0.01 and 6.05 ± 0.01 eV, respectively.  

 Measured bandgaps were compared to theoretical predictions arrived at using density 

functional theory (DFT), as shown in Table 6.2. Details on the DFT implementation are provided 

in the Methods section. The predicted monoclinic bandgap of 5.867 eV agrees well with the 

experimentally obtained value of 5.88 eV. The predicted bandgap of the tetragonal phase, 

meanwhile, is more than 0.2 eV larger than any of the measurements. This large difference, 

combined with a lower permittivity measured compared to that expected for the tetragonal phase, 

suggests that the presence of the tetragonal phase is comparatively small relative to the 

orthorhombic phases in the polar and antipolar films. Although the predicted bandgaps of the polar 
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and antipolar orthorhombic phases differ by 0.265 eV, the experimental values are nearly identical 

(6.01 and 6.05 eV), having a magnitude that is almost equal to the mean predicted for the two 

orthorhombic phases (6.05 eV). 

 

Table 6.2. Predicted bandgaps of the monoclinic, polar orthorhombic, antipolar orthorhombic, and 

tetragonal phases calculated using DFT, and measured bandgaps for the three HfO2 films primarily 

consisting of the monoclinic, polar orthorhombic, and antipolar orthorhombic phases. 

Phase Predicted Bandgap (eV) Measured Bandgap (eV) 

Monoclinic 5.867 5.88 ± 0.01 

Polar orthorhombic 5.92 6.01 ± 0.01 

Antipolar orthorhombic 6.185 6.05 ± 0.01 

Tetragonal 6.293 N/A 

 

6.4.5. Fourier-Transform Infrared Spectroscopy 

 Vibrational spectroscopy provides signatures differentiating between the two orthorhombic 

phases. Experimentally, infrared spectra were acquired using synchrotron-sourced tip-enhanced 

Fourier transform infrared spectroscopy (nano-FTIR). Details on the experiment are provided in 

the Methods section. Normalized phase spectra are shown in Figure 6.5, where distinct differences 

between the films are indicative of their differing dominant phase. The middle and lower panels 

of Figure 6.5 provide positions and relative intensities for features obtained from experiment and 

theory. 
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Figure 6.5: (top) Normalized phase spectra of HfO2 films for the polar, antipolar, and monoclinic 

films as obtained by nano-FTIR. (middle) Positions of phase maxima in the experimental spectra 

compared to (bottom) positions predicted from theory.44 

 

 Differentiation between the monoclinic and orthorhombic phases is accomplished by 

recognizing the presence of three characteristics in the monoclinic spectrum: (1) broad absorption 

near 460 cm-1, (2) two distinct maxima of comparable strength at 570, 630 cm-1 accompanied by 

(3) a strong absorption at 760 cm-1. The polar and antipolar films do not exhibit strong absorption 

below 500 cm-1 and are marked by an asymmetric absorption feature around 600 cm-1 rather than 

a spectrum exhibiting two clear maxima. The polar and antipolar films are distinguished by two 

spectral markers. First, the polar phase has its strongest absorption at lower energies than the 

antipolar and is significantly broader. Additionally, the polar phase exhibits a weak absorption at 
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~770 cm-1 whereas no such mode is observed for the antipolar film. Together, these characteristics 

allow for distinguishing between the primary phase in HfO2 films. Similar characteristics will 

likely allow for differentiation in doped-HfO2 films as well.  

 These differences are characteristic of the predominant phases themselves and not 

particular to only the films examined here. To support this assertion, the energies of the major 

spectral features for each of the films can be compared to the predicted infrared responses 

calculated for the polar orthorhombic, antipolar orthorhombic, tetragonal, and monoclinic phases 

by Fan et al.44 As it relates to the modes used for phase identification above, the monoclinic 

responses at 460, 570, 630, and 760 cm-1 are each closely correlated with modes predicted by 

theory. The polar film, meanwhile, is marked by a mode near 770 cm-1, which is the highest 

observed experimentally. Theoretically, the polar-orthorhombic phase also exhibits the highest 

energy mode of all the phases. The major feature of the polar mode near 650 cm-1 is redshifted 

relative to the antipolar (660 cm-1). Theoretically, the two closely spaced modes in the polar 

orthorhombic phase have a weighted average that is also redshifted relative by approximately 10 

cm-1 relative to the antipolar orthorhombic mode in this region. Increased asymmetric broadening 

of the polar film, meanwhile, is attributed to the stronger cluster of polar orthorhombic modes near 

540 cm-1. Taken together, these results demonstrate FTIR’s ability to differentiate between not just 

the monoclinic and orthorhombic phases but so too the polar and antipolar orthorhombic phases. 

 

6.5. Conclusions 

 Despite its nascent technological potential, the widespread adoption of ferroelectric HfO2-

based materials into future technology nodes is predicated upon creating and then stabilizing the 

metastable ferroelectric phase. The inherent polymorphism of HfO2 makes this challenging. 

Numerous factors affect the formation of the ferroelectric phase and its stability, necessitating 

high-throughput, non-destructive means of identifying phase. Here, through the HiPIMS synthesis 

of films with nominally equivalent chemical composition, but variable phase fractions, optical 

signatures of the differing phases are identified using a combination of UV-VIS spectroscopic 

ellipsometry and synchrotron sourced near-field scanning Fourier transform infrared spectroscopy. 

The optical signatures not only allow for differentiation between the monoclinic and orthorhombic 

phases, but also the polar and antipolar orthorhombic phases. Using these signatures in 

combination with X-ray diffraction, STEM, and electrical characterization, films exhibiting either 
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polar or antipolar responses are found to be predominately composed of the two orthorhombic 

phases. The optical band gaps of these films are found to be indirect with values of 6.01 ± 0.01, 

6.05 ± 0.01, and 5.88 ± 0.01 eV for the polar orthorhombic, antipolar orthorhombic, and 

monoclinic phases, respectively. While the similarities between the bandgaps of the orthorhombic 

phases show that it is not a reliable method for differentiation between the polar and antipolar 

space groups, FTIR measurements demonstrate that each phase has distinct vibrational features 

that allow for identification. Furthermore, these phases can be identified on the size scale of 

individual grains using a near-field scanning FTIR instrument, as was used here. This will enable 

local phase identification without the necessity of advanced TEM-based techniques that require 

sophisticated sample preparation and analysis. Accurate phase identification is necessary for 

overcoming the challenges related to phase stability in this material; accordingly, FTIR has been 

shown to be a valuable and differentiating technique for phase characterization in HfO2-based thin 

films. 

 

6.6. Experimental Methods 

6.6.1. Sample Preparation 

HfO2 films were deposited on 100 nm thick TaN bottom electrodes on (001) silicon 

substrates. The TaN was prepared by pulsed dc magnetron sputtering (30 kHz, 4 µs reverse time) 

from a TaN target in a Denton Discovery 550 system. HfO2 films were sputtered via high-power 

impulse magnetron sputtering (HiPIMS) from a 50 mm diameter hafnium metal target of 99.9 % 

purity in a custom sputter chamber, as detailed previously.62 For HiPIMS depositions, a Starfire 

Impulse HiPIMS power module was used in conjunction with a dc power supply to deliver square 

voltage pulses with a duration of 110 μs, a frequency of 200 Hz, and a magnitude of -700 V. These 

parameters represent a duty cycle of 2.0 % and per-pulse peak plasma power density of 600 W/cm2. 

Following each negative high-power pulse, a +100 V positive pulse of length 200 μs was applied 

to the target. Argon was used as the sputter gas, and O2 gas was used as the reactive gas. Argon 

and O2 gas flows were controlled by electronic mass flow controllers, and the total process pressure 

was controlled by a conductance flow valve located in front of the turbomolecular pump. A gas 

flow of 15.00 sccm of argon with 1.23 sccm of O2 was used to produce oxygen concentrations in 

the background gas of 7.6 %. A constant background pressure of 5 mTorr was measured by a 

heated capacitance manometer with active PID feedback to the conductance flow valve. Films 
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were continuously rotated during growth to minimize thickness gradients, and the substrate platen 

was grounded. The substrate was not intentionally heated during deposition. Following deposition, 

the films were annealed in a pure argon atmosphere (99.999% purity) in a rapid thermal processor 

(Allwin 21, Heatwave 610) at temperature and time durations of 700 °C  30 s, 750 °C  30 s, and 

800 °C   1200 s. Lastly, top electrodes consisting of 20 nm of titanium nitride and 50 nm of 

palladium were dc-magnetron sputtered through a shadow mask to create a capacitor structure for 

electrical measurements. TiN was reactively sputtered from a titanium target with a gas 

atmosphere of 5 sccm of argon and 1 sccm of nitrogen, pressure of 0.9 mTorr, and dc power density 

of 7.40 W/cm2. Palladium was deposited with an argon background pressure of 5 mTorr and a DC 

power density of 3.31 W/cm2. Circular electrode diameters were 100 µm, and areas were 

confirmed by optical microscopy. 

 

6.6.2. Characterization 

 A Rigaku Smartlab X-ray diffractometer using Cu Kα radiation in a parallel beam 

configuration with a fixed incident angle of 0.7° was used for grazing-incidence X-ray diffraction 

(GIXRD) measurements to assess crystallinity and phase constitution of films in the as-deposited 

and annealed states. A 2θ range of 26-33° was selected due to the presence of 100% intensity 

reflections of the monoclinic P21/c phase, tetragonal P42/nmc phase, antipolar orthorhombic Pbca 

phase, and polar orthorhombic Pca21 phase in this range. 

 Electrical characterization was performed on capacitor structures for the annealed films. 

Polarization versus electric field (P(E)), pulsed positive up, negative down (PUND) polarization 

switching, and capacitance-voltage (C-V) measurements were made. A Radiant Technologies 

Precision LC II Ferroelectric Property Analyzer was used to perform P(E) measurements with a 

period of 10 ms (100 Hz equivalent frequency). A Keysight E4980A Precision LCR Meter was 

used for C-V measurements which utilized a 50 mV, 10 kHz oscillator.  

 STEM images were acquired on samples prepared by the conventional cross-sectional 

wedge polishing method. Annular dark field (ADF) and differential phase contrast (DPC) images 

were simultaneously acquired using a ThermoFisher Themis operated at 200kV, with a probe 

convergence angle of 17.9 mrads and a camera length that resulted in acceptance angles between 

and 46 – 200 mrads (ADF) and 11- 43 mrads (DPC). All images were acquired as a set of 20 
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frames using fast-dwell-time (200ns) to avoid significant drift that can cause distortions in the 

images.  

 To investigate the band gaps of these films, spectroscopic ellipsometry measurements were 

taken in addition to standalone thin films of annealed and unannealed tantalum nitride (TaN). 

These measurements were performed using a near-IR extended rotating analyzer VUV variable-

angle spectroscopic ellipsometer (Gen I, VU-302 VUV-VASE, J.A. Woollam Co.)208 with a 

spectral resolution of 0.05 nm. The samples were mounted in continuous nitrogen purging 

environment during the measurement to minimize the effect of ambient oxygen and water vapor 

absorption at higher photon energies. Ellipsometric spectra over a photon energy range of 0.7 to 

8.5 eV were collected at a 70° angle of incidence and were fit via iterative least squares regression 

using a structural and optical model, which minimizes the unweighted error function or mean 

square error209 to extract the complex dielectric function ( = 1 + i2) spectra and structural 

properties such as layer thickness. Further details of the subsequent analysis are provided in the 

supplemental materials. 

 Near-field FTIR measurements were performed at the Advanced Light Source (Beam Line 

2.4) using a tip-based scattering approach (Neaspec, Attocube Systems). Absorption was deduced 

from the amplitude and phase of the scattering measurements via established methods210 and 

normalized such that the baseline of the signal to its maximum in the 600-700 cm-1 was common 

to all films.  

 

6.6.3. Density Functional Theory Calculations 

 The theoretical simulation was performed using ab-intio first-principle density functional 

theory within a plane wave basis set as implemented in VASP simulation package.211,212 The 

interactions among valence and core-valence electrons were represented by all-electron 

projector-augmented wave potentials within the pseudopotential approximation.213,214 5p6 5d2 6s2 

and 2s2 2p4 electron configuration for Hf and O was used as valence electron. The exchange-

correlation energy of the electron was approximated by the Generalized Gradient Approximation 

(GGA) within the Perdew-Burke-Ernzerhof (PBE) functional.215 The kinetic energy cut-off of 

the plane-wave basis set used was 500 eV. The structures were relaxed until the forces on every 

atom were ≤ 10-3 eV/Å. The Brillouin zone was sampled by a well-converged Monkhorst-Pack 

(MP) k-mesh.216 It is well known that the calculated electronic band gap of a semiconductor 



139 

 

using PBE functional is underestimated, and the hybrid functional approximation provide better 

prediction of the electronic structure which is close to the experimental value. To have a better 

description of the electronic structure of HfO2 polymorphism phase, a Heyd-Scuseria-Ernzerhof 

(HSE)217 exchange–correlation functional was used to calculate the electronic band structure by 

considering the PBE relaxed structure. 
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7.1. Motivation 

 In Chapter 5, the effect of oxygen content on sputtered undoped HfO2 films deposited by 

High-Power Impulse Magnetron Sputtering (HiPIMS) was explored. It was shown that small 

changes in oxygen content have a significant impact on the phases that form in HfO2 and the 

resulting ferroelectric properties. In addition to control of oxygen content, a number of other 

HiPIMS processing parameters that may be useful for engineering specific film properties are 

available. In this chapter, the effects of the HiPIMS pulse width on the properties of ferroelectric 

HfO2 thin films are explored. 
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7.2. Abstract 

 The impact of the high-power impulse magnetron sputtering (HiPIMS) pulse width on the 

crystallization, microstructure, and ferroelectric properties of undoped HfO2 films is investigated 

here. HfO2 films were sputtered from a Hf target in Ar/O2 atmosphere, varying the instantaneous 

power density by changing the HiPIMS pulse width. In-situ X-ray diffraction measurements during 

crystallization demonstrate that the HiPIMS pulse width impacts nucleation and phase formation, 

with an intermediate pulse width of 110 μs stabilizing the ferroelectric phase over the widest 

temperature range. Although the pulse width impacts the grain size with the lowest pulse width 

resulting in the largest grain size, grain size does not strongly correlate with phase content or 

ferroelectric behavior in these films. These results suggest that more precise control over the 

energetics of the depositing species may be beneficial for stabilizing the ferroelectric phase in this 

material.  

 

7.3.  Introduction 

 Since the first report of ferroelectricity in SiO2-doped hafnium oxide (HfO2) thin films in 

2011,28 interest in this material has grown for a number of microelectronics applications. In 

particular, ferroelectric HfO2 is a promising candidate for non-volatile memory devices like 

ferroelectric random-access memory because it is thermodynamically compatible with silicon15 

and has the potential to overcome some of the limitations of existing non-volatile memory, such 

as limited scaling and high power consumption. Atomic layer deposition (ALD) is the most widely 

used technique for the fabrication of HfO2-based thin films, although chemical solution deposition, 

pulsed laser deposition (PLD), and sputtering have also been explored.97 In comparison to ALD, 

sputter deposition offers a wide range of processing parameters that can be used to tailor film 

properties. Still, conventional sputter techniques have limited means to control the energy of the 

depositing species, so techniques like High-Power Impulse Magnetron Sputtering (HiPIMS) that 

have a wider processing space should be explored for the deposition of ferroelectric HfO2-based 

thin films. 

HiPIMS is a physical vapor deposition (PVD) technique in which low-duty cycle pulses 

(< 5% duty cycle) are applied to a sputter target to produce dense plasmas with a high degree of 

sputtered atom ionization.113,115 This ionization can be controlled by varying pulse parameters such 

as pulse width, frequency, and voltage. The high degree of sputtered atom ionization and the 
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resulting ion bombardment during deposition enables access to regions of the structure zone 

diagram where equiaxed nanocrystalline microstructures result, whereas traditional sputtering 

techniques are restricted to lower energy regions of the structure zone model and thus are limited 

in their ability to control grain size.134 As an example, CrN films prepared by dc sputtering have a 

porous columnar morphology, while HiPIMS results in a uniform, dense, equiaxed nanocrystalline 

structure.151 Control over microstructure may be beneficial for HfO2 thin films where grain size 

has been linked to the stability of the ferroelectric phase, with the ferroelectric phase stabilized by 

an intermediate grain size in comparison to the tetragonal and monoclinic phases.34,36 In addition 

to the pulse parameters, background pressure, and gas atmosphere can be controlled during 

HiPIMS; these parameters can be optimized to tailor the ion energy and flux of the depositing 

species, thus providing additional control over the film’s microstructure and properties in 

comparison to conventional ALD and PVD processes. While it has been shown that HiPIMS can 

produce nanocrystalline films, HfO2 films shown in Chapter 5 were amorphous as deposited. Still, 

these HiPIMS parameters can be used to affect the coordination and bonding environments that 

make up the local amorphous structure. Ostwald’s rule of stages states that the most 

thermodynamically stable phase may not be the first to nucleate. Instead, the phase that most 

closely resembles the amorphous structure in terms of coordination and bonding will form first. 

Applying this principle to the amorphous structure of HfO2 films may enable control over the 

phases that form after crystallization. 

 In this work, the effect of HiPIMS pulse width on the nucleation, crystallization, 

microstructure, and ferroelectric properties will be explored. By varying the HiPIMS pulse width, 

different instantaneous power densities and positive ion-to-neutral ratios are obtained. To assess 

the effects of this parameter on crystallization behavior and phase stability, in-situ X-ray 

diffraction patterns are measured and compared to grazing-incidence X-ray diffraction 

measurements of films that underwent a rapid thermal anneal. The microstructure is examined by 

taking plan-view scanning electron microscopy images and atomic force microscopy images; 

while differences in grain size between films are observed, these differences cannot account for 

the changes in phase formation and ferroelectric properties that are measured for the different pulse 

widths. 
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7.4.  Experimental Procedures 

7.4.1. Deposition Parameters 

HfO2 films were deposited on 100 nm thick TaN bottom electrodes on (001)-oriented p-

type silicon substrates. The TaN was prepared by pulsed dc magnetron sputtering (30 kHz, 4 µs 

reverse time) from a TaN target within a Denton Discovery 550 system. Hafnium oxide films were 

prepared from a 50 mm diameter hafnium metal target of 99.9 % purity (excluding zirconium 

impurities) affixed to a balanced magnetron sputter gun (Meivac, MAK) in a custom sputter 

chamber, as described in previous work.62 For HiPIMS depositions, a Starfire Impulse HiPIMS 

power module was used in conjunction with a DC power supply to deliver square voltage pulses 

with pulse widths ranging from 50 to 140 μs at a frequency of 200 Hz. Following each negative 

high-power pulse, a +100 V positive pulse of length 200 μs was applied to the target. HiPIMS 

voltage and current waveforms were extracted for each deposition condition. Argon was used as 

the sputter gas, and O2 was used as the reactive gas. A gas flow of 15.00 sccm of argon and varying 

O2 flow rates were used with a constant background pressure of 5 mTorr. Films were continuously 

rotated during growth to minimize thickness gradients, and the substrate platen was grounded. The 

substrate was not intentionally heated during deposition.  

Following deposition, one set of films was left as-deposited for in-situ X-ray diffraction 

studies, and the other set of films was annealed in a pure argon atmosphere (99.999% purity) for 

30 seconds at 800 °C in a rapid thermal processor (Allwin 21, Heatwave AW 610) with a ramp 

rate of 66.7 °C/s. Finally, top electrodes consisting of 20 nm of titanium nitride and 50 nm of 

palladium were DC-magnetron sputtered through a shadow mask to create a capacitor structure 

for electrical measurements. TiN was reactively sputtered from a titanium target with a gas 

atmosphere of 5 sccm of argon and 1 sccm of nitrogen, pressure of 0.9 mTorr, and DC power 

density of 7.40 W/cm2. Palladium was deposited with an argon background pressure of 5 mTorr 

and a DC power density of 3.31 W/cm2. Circular electrode diameters were 100 µm, and areas were 

confirmed by optical microscopy. 

 

7.4.2.  Characterization 

The HiPIMS waveforms were extracted from an oscilloscope connected to the voltage and 

current monitor outputs of the Starfire Impulse module in order to measure the instantaneous 



144 

 

voltage and currents during the deposition. Positive ion-to-neutral ratios were measured using the 

quartz crystal microbalance (QCM) on an Impedans Quantum Retarding Field Ion Energy 

Analyzer with grid potentials varied to first block electrons and negative ions from reaching the 

substrate and then all ions. By taking the ratio of the deposition rates with and without ions, the 

positive ion-to-neutral ratio was calculated. 

X-ray photoelectron spectroscopy (XPS) measurements were performed with a Scienta 

Omicron Multiprobe MXPS system with an XM1200 monochromator. Monochromatic Al Kα 

(hν = 1486.6 eV) radiation was used to acquire the spectra. The samples were measured without 

sputtering to avoid any process that could alter the defect population in the near-surface region. 

Survey spectra measured with a pass energy of 100 eV were used to confirm the presence of Hf, 

O, and C; no other elements were detected. A pass energy of 25 eV and energy steps of 0.05 eV 

were used for all core level spectra. All XPS data were analyzed using KolXPD software.163 A 

Voigt function was used to fit all core levels and was combined with a Shirley background.164 Peak 

areas were corrected by cross-sections provided by Scofield et al. for each core level.165 

Compositions of as-deposited and annealed films were calculated by taking a ratio of the corrected 

O 1s peak area to the corrected Hf 4f5/2 and Hf 4f7/2 peak areas. 

A Rigaku Smartlab X-ray diffractometer with Cu Kα radiation in a parallel beam 

configuration was used for in-plane XRD measurements and out-of-plane grazing-incidence X-

ray diffraction (GIXRD) measurements with a fixed incident angle of 0.7°. A 2θ range of 26-33° 

was selected due to the presence of 100% intensity reflections of the monoclinic P21/c phase, 

tetragonal P42/nmc phase, antipolar orthorhombic Pbca, and orthorhombic Pca21 phase in this 

range. Crystallite sizes calculated using Scherrer’s equation154 were corrected for instrumental 

broadening effects using Standard Reference Material® 660c lanthanum hexaboride powder from 

the National Institute of Standards and Technology.155 Phase evolution during crystallization was 

measured using a PANalytical Empyrean X-ray diffractometer with Cu Kα radiation in a Bragg-

Brentano geometry with a linear detector and an Anton Paar HTK1200 high-temperature chamber 

in a nitrogen environment. Similar to prior studies of the crystallization of HfO2-based thin 

films,101,198 the samples were heated at a rate of 2 °C/min from 25 °C to 1000 °C, and diffraction 

patterns were collected every 6 °C.  
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Electrical characterization was performed on capacitor structures for the annealed films. A 

Radiant Technologies Precision LC II Ferroelectric Property Analyzer was used to perform P(E) 

measurements with a period of 10 ms (100 Hz equivalent frequency). 

Plan-view scanning electron microscopy images were collected using an FEI Helios UC 

G4 microscope in secondary electron mode with an accelerating voltage of 2.00 kV, a beam current 

of 0.1 nA, a dwell time of 15 μs, a working distance of 2.3 mm, and a through-the-lens detector. 

Topographic atomic force microscopy (AFM) images were acquired via an Oxford Instruments 

Asylum Research Cypher-S instrument in AC tapping mode equipped with NanoSensor PPP-

NCHR-10 probes with a resonance frequency of 190 kHz. 

 

7.5. Results and Discussion 

7.5.1. HiPIMS Conditions 

Four 20 nm HfO2 films were deposited via HiPIMS with pulse widths of 50, 80, 110, and 

140 μs with corresponding instantaneous power densities of 1023 to 568 W/cm2, shown in Table 

7.1. The instantaneous powers were calculated using the HiPIMS voltage and current waveforms, 

which are shown in Figure 7.1. For all pulse width conditions, these waveforms were monitored 

to avoid the target poisoning regime in which the current sharply increases without saturating. 

Target poisoning should be avoided as it affects the sputter yield and secondary electron emission 

yield.218,219 As the pulse width was decreased, the pulse voltage and current increased since the 

time-averaged power was kept constant at 200 W. Thus, the 50 μs pulse width had the highest 

instantaneous power of 1023 W/cm2. Previous work has shown that the properties of HfO2 thin 

films are highly sensitive to oxygen content, and small changes in plasma oxygen content during 

HiPIMS deposition can produce large differences in film oxygen content.62 Thus, it was important 

to ensure that the oxygen content in the films was controlled so that the effects of HiPIMS pulse 

width could be evaluated in isolation. For each pulse width, a different oxygen flow rate was 

chosen so that the films would have similar oxygen content, as reported in Table 7.1. Lower 

plasma oxygen content was chosen for lower pulse widths to avoid target poisoning since target 

poisoning occurs during the ‘off state’ of the plasma, and shorter pulses have longer off times.220,221 

XPS measurements were performed to assess the oxygen content in the films after crystallization, 

and the oxygen content in the films is shown in Table 7.1. The Hf 4f and O 1s core levels that 

were fit to obtain these compositions are shown in Figure 7.2. No Hf3+ signature is present in these 
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spectra. This indicates that there is not a significant fraction of charged vacancies in these films, 

although the films are oxygen deficient according to the calculations of film oxygen content. 

 

Figure 7.1: HiPIMS voltage and current waveforms collected during the deposition of the films 

with 50, 80, 110, and 140 μs pulse widths.  

 

Table 7.1: Pulse width, pulse frequency, and plasma oxygen content used for the deposition of the 

HfO2 films, and the resulting instantaneous power and film oxygen content measured by XPS. 

Pulse Width 

(μs) 

Pulse 

Frequency (Hz) 

Instantaneous 

Power Density 

(W/cm2) 

Plasma Oxygen 

Content (%) 

Film Oxygen 

Content (x in 

HfOx) 

50 200 1023 7.1 1.48 

80 200 696 7.6 1.61 

110 200 602 7.6 1.52 

140 200 568 8.8 1.44 
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Figure 7.2: Hf 4f and O 1s XPS spectra for the HfO2 films deposited with 50, 80, 110, and 140 μs 

pulse widths. The spectra are fit using KolXPD software. 
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The positive ion-to-neutral ratio measured during the deposition for each HiPIMS pulse 

width is shown in Figure 7.3. Previous studies have shown that shorter HiPIMS pulse widths result 

in higher ionization fractions.222,223 Similarly, here, it is demonstrated that the shortest pulse width 

of 50 μs results in the highest positive ion-to-neutral ratio of 0.73. A nearly linear decrease in the 

ion-to-neutral ratio is observed as the pulse width increases, and the 140 μs sample has the lowest 

ratio of 0.39. The measurements confirm that a shorter pulse width, which corresponds to a higher 

instantaneous power, results in a larger fraction of positive ions in the plasma. Since each negative 

pulse is followed by a 100 V positive pulse, a lower pulse width with a larger fraction of positive 

ions would result in an increase in the number of ions bombarding the growing film. 

 

Figure 7.3: Positive ion-to-neutral ratio calculated from the deposition rates of positive ions + 

neutrals to neutrals alone. 

  

7.5.2. X-ray Diffraction Characterization 

 To assess the impact of HiPIMS pulse width on the structural evolution of HfO2 thin films, 

in-situ high-temperature XRD measurements were performed. Figure 7.4 shows the in-situ high-

temperature X-ray diffraction patterns for the films that are amorphous as-deposited. All of the 

films begin to crystallize at around 500 °C. For the 50 μs and 80 μs samples, the formation of the 
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polar orthorhombic (111), antipolar orthorhombic (211), and/or tetragonal (101) peak occurs at 

approximately 500 °C along with the formation of the monoclinic (1̅11) peak. This differs from 

the 110 μs sample in which the monoclinic phase does not begin to crystallize until much higher 

temperatures. Once again, for the 140 μs sample, crystallization of the monoclinic phase occurs at 

a similar temperature to that of the orthorhombic and/or tetragonal phase. In addition, the 

orthorhombic and/or tetragonal phases are stable from 500 to 900 °C for the films deposited with 

110 and 140 μs pulse widths, while these phases are only stable from 500 to 800 °C for films 

deposited with 50 and 80 μs pulse widths. Although the film oxygen content varies (within error) 

between the films, the presence of oxygen impurities in the nitrogen gas, desorption from the 

furnace insulation, and desorption from the alumina sample stage and sample holder during these 

measurements likely eliminated the differences in the original oxygen content within the films. 

Therefore, the differences observed here cannot be attributed to differences in oxygen content. 

These results demonstrate that phase formation is being impacted by the HiPIMS pulse width. 

However, it should be noted that the rate of heating used for these experiments (2 °C/min) is 

significantly slower than a typical rapid thermal anneal process. 

 

Figure 7.4: In-situ high-temperature XRD measurements of films deposited with (a) 50, (b) 80, 

(c) 110, and (d) 140 μs pulse widths. 

 

The crystallization behavior observed in the in-situ XRD experiment was compared to 

films that underwent a more typical rapid thermal anneal (RTA). Figure 7.5 shows the GIXRD 

patterns for identical films that have undergone rapid thermal annealing at 800 °C with a heating 

rate of 67 °C/second. The relative orthorhombic + tetragonal (o+t) phase fractions were calculated 

by fitting the GIXRD patterns using LIPRAS fitting software158 and taking the ratio of the 

integrated peak intensity of the orthorhombic + tetragonal peak to the integrated intensity sum of 
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all three peaks. The 50 μs film has the smallest fraction of the orthorhombic/tetragonal phase 

(0.33 ± 0.07) and predominantly consists of the monoclinic phase. The 80 μs film contains more 

orthorhombic/tetragonal phase (0.51 ± 0.04) but still has a significant fraction of monoclinic 

phase. The 110 μs sample has the highest fraction of the orthorhombic/tetragonal phase 

(0.94 ± 0.03), and together with the 140 μs sample, these films primarily consist of the 

orthorhombic and/or tetragonal phase. 

It has been reported that the heating rate used during annealing can significantly affect the 

phases that form in HfO2 thin films, with greater fractions of the monoclinic phase forming at 10 

°C/s than at 66 °C/s;224 however, in this case, these results are consistent with the in-situ diffraction 

measurements shown above. The lower pulse widths result in large fractions of the monoclinic 

phase, while the 110 μs pulse width has the highest o+t fraction. The similar results obtained 

through drastically different heating rates provide additional evidence that the HiPIMS pulse width 

is impacting nucleation is an important variable to consider when optimizing deposition conditions 

to obtain phase-pure films.  

 

Figure 7.5: (a) GIXRD patterns for films deposited with 50, 80, 110, and 140 µs pulse widths, 

rapid thermal annealed at 800 °C, and the (b) relative o+t phase fractions calculated from the 

GIXRD measurements.  
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7.5.3. Electrical Characterization 

In order to assess how the pulse width and phase content affect ferroelectric properties, the 

polarization-electric field responses of the films after field cycling with 5000 2.5 MV/cm square 

waves were measured and are shown in Figure 7.6. At the lower pulse widths of 50 and 80 μs, the 

hysteresis loops open very little and have remanent polarization (Pr) values of 1.9 and 3.6 μC/cm2, 

respectively. The low Pr values can be explained by the dominating linear dielectric response due 

to the significant presence of the monoclinic phase in these films. At the higher pulse widths, 

however, the hysteresis loops open up more and demonstrate a ferroelectric response typical of the 

ferroelectric orthorhombic phase. The 110 μs film has the largest hysteretic response, with a Pr of 

9.4 μC/cm2, which correlates with the large fraction of the orthorhombic phase observed in the 

GIXRD measurements. The 140 μs film has the second largest Pr of 4.4 μC/cm2. Combined with 

the XRD results, these measurements suggest that 110 μs is the optimal pulse width condition to 

achieve ferroelectric behavior in these films.  

 

 

Figure 7.6: Nested polarization hysteresis measurements after field cycling for the samples 

deposited with (a) 50 μs, (b) 80 μs, (c) 110 μs, and (d) 140 μs pulse widths. 

 

7.5.4. Crystallite Size and Microstructure 

To determine if the difference in polarization hysteresis behavior is linked to 

microstructure, the crystallite size and grain sizes of the films were evaluated through analysis of 

XRD data, SEM images, and AFM images. In-plane XRD measurements were performed so that 

the crystallite sizes could be further assessed, and the patterns are shown in Figure 7.7. The 

crystallite sizes calculated using Scherrer’s equation from out-of-plane and in-plane XRD 
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measurements are shown in Figure 7.8. Both out-of-plane and in-plane measurements show that 

the pulse width has an effect on the crystallite size. The 50 μs sample had the lowest in-plane and 

out-of-plane crystallite sizes. It should be noted that the orthorhombic/tetragonal peak was used 

for these calculations, and this sample had the lowest fraction of the o+t phase and a lower signal-

to-noise than the other films, which should result in smaller crystallite sizes. The other three pulse 

widths, 80 μs, 110 μs, and 140 μs, have more similar crystallite sizes from approximately 13 – 

15 nm, as determined from in-plane and out-of-plane XRD measurements. 

 

Figure 7.7: In-plane XRD patterns for films deposited with 50, 80, 110, and 140 µs pulse widths. 
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Figure 7.8: Crystallite size calculated from in-plane and out-of-plane XRD measurements. 

 

The microstructure of the films was examined using plan-view SEM with images shown 

in Figure 7.9. Due to the small grain sizes and quick carbon contamination of the samples under 

the electron beam, the resolution of the images is limited. Thus, AC mode AFM images were 

collected and are shown in Figure 7.10. To quantify the lateral grain sizes, the lineal intercept 

procedure was used,171 and the mean intercept length is reported in Figure 7.11, with error bars 

representing 95% confidence intervals. The 50 μs sample has the largest grain sizes of 

21.3 ± 0.8 nm. The 80, 110, and 140 μs samples have grain sizes of 17.9 ± 0.9 nm, 17.3 ± 1.0 nm, 

and 17.4 ± 1.4 nm, respectively. Although a small change in microstructure for the 50 μs sample 

was observed, overall, no clear trend could be established between pulse width, grain size, phase, 

and electrical properties. More specifically, equivalent grain sizes were observed for the 80, 110, 

and 140 μs samples even though these samples had differences in phase composition and electrical 

properties.  
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Figure 7.9: Plan-view SEM images of films deposited with (a) 50, (b) 80, (c) 110, and (d) 140 μs 

pulse widths. 

 

Figure 7.10: AFM topography images of films deposited with (a) 50, (b) 80, (c) 110, and (d) 

140 μs pulse widths. 
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Figure 7.11: Average lateral grain size calculated using the line-intercept method on the AFM 

images with error bars representing 95% confidence intervals. 

 

7.5.5. Discussion 

To summarize, it has been shown that varying the HiPIMS pulse width affects the phases 

that are formed after annealing. This effect does not appear to be tied to microstructure since 

grain size was shown to be relatively invariant. Therefore, a different aspect of the HiPIMS pulse 

width must be responsible. As previously mentioned, the positive ion-to-neutral ratio was 

inversely correlated to pulse width. During these depositions, a positive pulse was applied after 

the negative pulse. This positive pulse will have the largest effect on plasmas with higher 

fractions of positive ions, resulting in greater ion bombardment of positive ions for lower pulse 

widths. It is hypothesized that these differences in ion bombardment affect the short-range order 

of the amorphous films through parameters like coordination and bonding environment, thereby 

affecting the nucleation behavior. Then, upon annealing, different phases are formed. Similar 

effects were observed in vanadium oxide films deposited with different PLD conditions.225 Using 

grazing-incidence total X-ray scattering and pair distribution functions, the authors observed 

different local structures in the amorphous films of vanadium oxide deposited with different laser 
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repetition rates. It was found that the starting amorphous structure influenced the phases that 

crystallized. For metastable polymorphs like the polar orthorhombic phase in HfO2, it is not only 

difficult to understand how the phase forms but also what approach(es) to use to stabilize it. 

These results suggest that controlling the short-range order in the amorphous structure may 

enable control of the phases that form.  

 

7.6. Conclusions 

 The effect of HiPIMS pulse width on the nucleation, phase formation, microstructure, and 

ferroelectric properties of HfO2 films deposited by HiPIMS has been demonstrated. In-situ 

HTXRD measurements showed that the pulse width affects the nucleation temperatures of the 

phases in addition to phase stability. The heating rate did not have a significant impact on the 

crystallization of these films, although the heating rate has been shown to influence crystallization 

in ALD films. Differences in phase constitution were shown as pulse width was varied, with the 

lowest pulse width, 50 μs, resulting in the largest fraction of the monoclinic phase present in these 

films. Although this sample had the largest average grain size of 21.3 ± 0.8 nm, grain size was not 

shown to correlate with electrical properties. This is evident because the films with 80, 110, and 

140 μs had similar grain sizes, but the 110 μs sample had a higher fraction of the o+t phases and a 

larger remanent polarization. These results demonstrate that while HiPIMS pulse width does not 

significantly alter microstructure, it has the ability to significantly affect the phases that form and 

the stability of these phases. Future work will be focused on understanding how the HiPIMS pulse 

width may be affecting the local structure in the amorphous state. Control of phase formation via 

local structure in the amorphous state can be used to fabricate phase-pure HfO2-based films with 

optimal ferroelectric properties.  
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Chapter 8: Phase Transformations Driving Biaxial Stress Reduction 

During Wake-Up of Hafnium Zirconium Oxide Thin Films 
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8.1. Motivation 

 The impact of the stress state on ferroelectric HfO2-based thin films has received 

considerable attention due to numerous reports correlating biaxial stress and polarization response. 

The polarization response in this material is also significantly affected by electric field cycling in 

the process known as ‘wake-up.’ As of yet, the interplay of these two phenomena has not been 

studied. The purpose of this chapter is to quantify the evolution of stress during wake-up of HZO 

thin films and investigate the underlying mechanisms responsible for the change in stress that 

accompanies wake-up. Two main mechanisms are hypothesized to be responsible for the observed 

reduction in stress – a phase transformation and ferroelastic switching. The present results provide 

the first evidence of a phase transformation leading to a change in the stress state. 
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8.2. Abstract 

 Biaxial stress has been identified to play an important role in the polar orthorhombic phase 

stability in hafnium oxide-based ferroelectric thin films. However, thus far, the stress state during 

various stages of wake-up has not been quantified. In this work, the stress evolution with field 

cycling in hafnium zirconium oxide capacitors is evaluated. The remanent polarization of a 20 nm 

thick hafnium zirconium oxide thin film increases from 13.8 μC/cm2 in the pristine state to 

17.6 μC/cm2 following 106 field cycles at 2.5 MV/cm. This increase in remanent polarization with 

field cycling is accompanied by a decrease in relative permittivity by approximately 1.5, which 

could indicate that a phase transformation has occurred. The presence of a phase transformation is 

confirmed by nano-Fourier transform infrared spectroscopy (FTIR) measurements that show an 

increase in polar orthorhombic phase content following wake-up. Using an X-ray diffractometer 

with a collimated source and a two-dimensional detector, diffraction patterns from individual 

devices field cycled between pristine and 106 cycles are collected, and stress is quantified using 

the sin2() technique. The biaxial stress was measured in several stages of wake-up and was 

observed to decrease from 4.3 ± 0.2 to 3.2 ± 0.3 GPa. This work provides new insight into the 

mechanisms controlling and/or accompanying polarization wake-up in the hafnium zirconium 

oxide. 

 

8.3. Introduction 

 Since the first report of the ferroelectric properties of silicon-doped hafnium oxide a decade 

ago,226,227 significant research has been devoted to the development of HfO2-based thin films for 

on-chip memory,228,229 sensors,230,231 and low-power computing232,233 applications. Among the 

primary candidate alloys for such applications is Hf1-xZrxO2 (HZO), which displays several 

advantages over pure HfO2 and other HfO2-based alloys, including a lower thermal budget,234 a 

compositionally-dependent polarization response,235,236 and chemical compatibility with 

silicon.237,238 Moreover, the ferroelectricity in this alloy has been characterized down to 1 nm in 

thickness,239 and it is commonly prepared through means already present in fabrication 

facilities,240,241 making it an ideal system for implementation into the next generation of silicon 

technology. 

 Despite these advantages, the metastability of the ferroelectric phase in this material73,74 is 

one hurdle preventing the immediate implementation of HZO into on-chip applications.35 HfO2 
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and ZrO2 comprise the linear dielectric P21/c monoclinic phase at room temperature and 

pressure,242–244 the field-induced ferroelectric P42nmc tetragonal phase at high temperatures and 

in small crystallite sizes,245–248 and the antiferroelectric Pbca orthorhombic phase at high 

pressure.249,250 Ferroelectricity in HfO2 has been attributed to the metastable Pca21 orthorhombic 

phase.64 Its stability is aided by small crystallite sizes,74 incorporation of large quantities of oxygen 

vacancies,48,62,251 and biaxial stress,72 all of which destabilize the equilibrium monoclinic phase.  

Biaxial stress, in particular, has been identified to play an important role in orthorhombic 

phase stability in HfO2 and HfO2-based alloy systems. Modeling investigations73–75 have 

demonstrated that compressive biaxial and hydrostatic stresses increase the stability of the small-

molar volume orthorhombic and tetragonal phases over the large-molar volume monoclinic 

structure. Such computational findings are supported by high-pressure processing studies, which 

have reported larger polarizations and orthorhombic phase fractions in HZO films annealed under 

50 atm of N2.
252,253 Additional experimental investigations of stress effects on the ferroelectric 

properties of HfO2 and its alloys have revealed tensile biaxial residual stresses in these films 

following their thermal processing at ambient pressures in contact with common binary 

nitrides.35,57,72,76–80 Such tensile stresses have been correlated with enhanced polarization owing to 

both larger fractions of the orthorhombic phase and alteration of the ferroelectric domain structure 

to yield a preferred orientation with the short, polar b-axis aligned normal to the film surface.72,254  

Application of HfO2-based ferroelectrics into next-generation silicon-based technology is 

further hindered by polarization instabilities that accompany successive ferroelectric switching 

through electric field cycling.82 These increases and decreases in polarization, termed wake-up and 

fatigue, respectively,83,84 are reportedly driven by the redistribution and generation of oxygen 

vacancies and charged defects that occur during cycling.84–86 Previously, wake-up has been shown 

to precipitate from a combination of charge redistribution-driven transformations between the 

tetragonal and orthorhombic phases82,87 and reductions in the concentration of pinned ferroelectric 

domains,88,89 both of which contribute to the observed increase in switchable polarization. More 

recently, Cheng et al. have reported that wake-up coincided with a phase transformation from the 

antipolar orthorhombic Pbca phase to the polar orthorhombic Pca21 phase that is responsible for 

ferroelectricity. Alternatively, fatigue has been shown to have contributions from both 

transformations to the monoclinic phase and increases in the amount of ferroelectric domain 

pinning, which result in reductions in the amount of switchable polarization.83,89,93,94 Polarization 
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instabilities during field cycling are deleterious for memory and computing applications that 

require stable polarizations regardless of the number of ferroelectric switches.255,256 Thus, 

substantial research efforts have focused on understanding the role of oxygen vacancies on wake-

up and fatigue and the effects of these wake-up and fatigue processes on the phase assemblages 

present within field-cycled HfO2-based ferroelectric thin films, which have known mechanical 

stress dependencies. 

 In this work, 20 nm thick Hf0.5Zr0.5O2 films were prepared between TaN electrodes. 

Electrical characterization demonstrated that the remanent polarization of the film increased from 

13.8 to 17.6 μC/cm2, as is typical of wake-up, following field cycling with 106 2.0 MV/cm square 

waves. Synchrotron nano-Fourier transform infrared spectroscopy (FTIR) measurements show an 

increase in the polar orthorhombic phase content accompanying wake-up. The stress of individual 

HZO capacitors was measured as a function of field cycling, and it was observed that the stress of 

the HZO film decreases as capacitors are cycled, showing that phase transformations are 

accompanied by a decrease in biaxial stress. 

 

8.4. Results and Discussion 

8.4.1. Electrical Characterization 

 Polarization-electric field (P(E)) measurements were performed on a device after cycling 

with 0, 102, 103, 104, 105, and 106 cycles, as shown in Figure 8.1(a). An increase in the remanent 

polarization with field cycling is observed, as is typical of wake-up in this material. The 

polarization response is well-saturated, indicative of low leakage current contributions. The 

remanent polarization extracted from accompanying pulsed positive-up-negative-down (PUND) 

measurements is shown in Figure 8.1(b), and shows an increase from 13.8 μC/cm2 to 17.6 μC/cm2. 

 In addition to the increase in remanent polarization with field cycling, there is a decrease 

in the zero bias relative permittivity, demonstrated by the dielectric nonlinearity measurements 

shown in Figure 8.2(a). The initial relative permittivities extracted from dielectric nonlinearity 

measurements, εinit, are shown in Figure 8.2(b). This decrease in relative permittivity may indicate 

that a phase transformation has occurred. The polar orthorhombic phase is known to have a lower 

relative permittivity than the tetragonal phase; however, the relative permittivity of the antipolar 

orthorhombic phase is not yet known. The irreversible Rayleigh coefficient, α’, is also shown in 

Figure 8.2(b). The decrease in α’ may indicate that domain depinning is occurring as wake-up 
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proceeds since smaller α’ values are characteristic of smaller irreversible contributions to domain 

wall movement. However, a decrease in α’ can also result from a change in the density or mobility 

of domain walls. 

 

Figure 8.1: (a) P(E) response and (b) remanent polarization from PUND as a function of field 

cycling. 
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Figure 8.2. (a) Relative permittivity and loss tangent measured at 2.5 MV/cm as a function of field 

cycling. (b) Intrinsic relative permittivity, εinit, and irreversible Rayleigh coefficient, α’, as a 

function of field cycling. 
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8.4.2. Nano-Fourier Transform Infrared Spectroscopy 

 FTIR has the ability to unambiguously differentiate between the phases that coexist in 

HfO2-based thin films, as was shown in Chapter 6. To investigate changes in phase composition, 

the vibrational spectra of individual capacitors cycled with 0, 103, 104, 105, and 106 square waves 

were acquired with near-field scattering measurements using synchrotron nano infrared 

spectroscopy (SINS) at Beamline 2.4 at the Advanced Light Source. After field cycling to specific 

durations of 103, 104, 105, and 106 cycles, as well as keeping one capacitor in a pristine state, the 

top electrode was thinned over a 5 µm × 5 µm area via tomographic atomic force microscopy to 

enable optical access via SINS. The normalized absorption spectra are shown in Figure 8.3. 

Features at 650 cm-1 and 750 cm-1 have been shown to correlate with the presence of the polar 

orthorhombic phase. The region around 750 cm-1 shows the clearest increase in intensity as the 

films are cycled, which would indicate that more polar orthorhombic phase is present. The 

capacitors cycled with 105 and 106 waves have a significant increase in the intensity of the feature 

at 750 cm-1 in comparison to the capacitor in the pristine state, and those cycled with 103 and 104 

waves. It should be noted that the sharp peak at 850 cm-1 is due to tantalum oxide on the film 

surface following electrode thinning.  

 

Figure 8.3. Normalized nano-FTIR phase of individual capacitors cycled from the pristine state to 

106 square waves. 
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 To further validate the link between an increase in polar orthorhombic phase and the IR 

feature around 750 cm-1 during wake-up, HZO films were woken up using piezoresponse force 

microscopy (PFM) performed in a glovebox filled with inert gas. HZO films were subjected to 

+10 V, -10 V, and no bias over 20 × 20 µm regions to form a checkerboard pattern (Figure 

8.4(b)). A 5 × 5 µm image was collected in the center of this checkerboard following poling by 

PFM, capturing the inner corner of each biased or unbiased region. This image is shown in 

Figure 8.4(a). The amplitude signal is proportional to the effective piezoelectric coefficient 

along the normal of the sample surface in this image. Nano-FTIR measurements were made in 

each region and are shown in Figure 8.5. No signal from the top electrode is present in these 

spectra because the top electrode was completely etched before these measurements. It can be 

clearly seen that the peak around 750 cm-1 has a greater intensity for the positive and negatively 

biased regions in comparison to the region that was not biased. The differences in these spectra 

demonstrate that there is an increase in the polar orthorhombic phase after field cycling. 

 

Figure 8.4: (a) PFM image taken after poling the sample with +10 V (top left) and -10 (bottom 

right), and leaving two intrinsic regions unbiased (bottom left and top right). (b) nano-FITR 

reflectance that shows reflection differences in the regions that were biased. 

 

              

              

   

   

 
 
 
    

 
 
  
  
  



165 

 

 

Figure 8.5: Nano-FTIR phase spectra of HZO films that underwent bias via PFM in an inert 

atmosphere. An increase in the feature at 750 cm-1 indicates that more polar orthorhombic phase 

is forming. 

 

8.4.3. Measurement of Stress 

 The biaxial stress state of HZO capacitors cycled to varying degrees was quantified using 

a sin2(ψ) analysis of area detector XRD measurements. The changes in d-spacing of the 

orthorhombic/tetragonal (t+o) diffraction peak as a function of 𝜓 angle were used to quantify the 

stress state of the HZO capacitors. 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 Equation 8.1 and 

Equation 2:162 

εψ=
1+ν

E
σ|| sin

2
(ψ) -

2ν

E
σ||,          (8.1) 

εψ=
dψ-d0

d0
 ,        (8.2) 

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 8.3 was fulfilled:162 



166 

 

sin(ψ*) =√
2ν

1+ν
  ,            (8.3) 

A value of 0.29257–259 was assumed for 𝜈 and a modulus value of 209 ± 6 GPa260 was used. Shown 

in Figure 8.6(a-h) are the changes in d-spacings and normalized integrated areas of the t+o 

diffraction peaks as a function of 𝜓 angle for the HZO capacitors field cycled with 0 to 106 waves. 

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. 

 

 

Figure 8.6: 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 capacitors cycled with (a) 0, (b) 1, (c) 10, (d) 102, (e) 103, 

(f) 104, (g) 105, and (h) 106 square waves. 

 

 The resulting biaxial stress as a function of field cycling is shown in Figure 8.7. The biaxial 

stress decreases from 4.3 ± 0.2 in the pristine state to 3.2 ± 0.3 GPa following field cycling with 

106 square waves, representing a decrease of 26%. 
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Figure 8.7. Biaxial stress of individual HZO capacitors cycled between pristine to 106 cycles.  

 

8.4.4. Mechanisms Responsible for Stress Reduction After Wake-Up 

 Two possible mechanisms, or a combination thereof, may be responsible for this decrease 

in biaxial stress. One possible mechanism is a phase transformation from the tetragonal or antipolar 

orthorhombic phase to the polar orthorhombic phase, which would be accompanied by a volume 

change and would result in a reduction in the biaxial stress. The unit cell volumes of the tetragonal, 

antipolar orthorhombic, and polar orthorhombic phases are 33.8, 33.1, and 33.9 Å3, respectively. 

In order to assess the magnitude of stress reduction that could result from a phase transformation, 

Equation 8.4, 

Δσ = - (
1

3
) (

ΔV

V
) (

E

1-ν
) ,            (8.4) 

is used. ΔV represents the difference in the unit cell volume between the tetragonal or antipolar 

orthorhombic phase and the polar orthorhombic phase, E is the elastic modulus, and 𝜈 is 

Poisson’s ratio. Values of 209 ± 6 GPa260 and 0.29257–259 were used for E and 𝜈, respectively. A 

complete transformation from the tetragonal to polar orthorhombic phase is accompanied by a 

reduction of 0.29 GPa of biaxial stress, as shown below. 
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Δσ = - (
1

3
) (

0.1

33.9
) (

209

1 - 0.29
) = 0.29 GPa 

A transformation from the antipolar orthorhombic phase to the polar orthorhombic phase would 

have a larger reduction in biaxial stress of 2.3 GPa, as shown. 

Δσ = - (
1

3
) (

0.8

33.9
) (

209

1 - 0.29
) = 2.3 GPa 

 These calculations represent a theoretical case in which a complete phase transformation 

is occurring; however, the films contain a significant fraction of the polar orthorhombic phase 

before field cycling as evidenced by the large remanent polarization in the pristine state. Therefore, 

a phase transformation can only account for some fraction of the above calculated values. It is 

evident the stress reduction from a transformation of the tetragonal to polar orthorhombic phase is 

both significantly smaller than a transformation of the antipolar to polar orthorhombic phase and 

significantly smaller than the 1.1 GPa of stress reduction observed after field cycling this film with 

106 waves. Thus, the magnitude of the stress reduction associated with the transformation from the 

antipolar to polar orthorhombic phase is more consistent with the observed experimental values. 

Evidence of a phase transformation occurring is seen in the decrease in the relative permittivity 

with field cycling and is reinforced by FTIR measurements which show an increase in the polar 

orthorhombic phase content after wake-up. 

  Ferroelastic domain switching, in which the polar axis that is initially aligned in-plane 

switches to lie out-of-plane, can also contribute to the reduction in biaxial stress during wake-up. 

In the polar orthorhombic Pca21 phase, the polar axis is the intermediate length b-axis (5.09 Å); if 

ferroelastic switching is occurring, this short, polar axis, which is initially in-plane, would switch 

out-of-plane. Simultaneously, the long, non-polar c-axis (5.27 Å) would lay in-plane, relieving 

biaxial tensile stress in the HZO layer. The decrease in α’, which is indicative of domain wall 

depinning, may support the contribution of this mechanism to the decrease in biaxial stress with 

wake-up, as domain wall depinning may indicate that ferroelastic domain switching is taking place. 

The absolute maximum decrease in stress that could be accommodated by ferroelastic switching 

throughout the entirety of this material is shown below. 

𝛥𝜎 =  𝜀𝐸 =   
0.18 Å

5.27 Å
 (209 GPa) = 7.4 GPa  

However, only a fraction of this ferroelastic switching can exist because the films comprise 

randomly oriented polycrystalline grains, and only a fraction will be in the {001} orientation. The 
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experimental increase in remanent polarization of 3.8 μC/cm2 is 7.5% of the maximum theoretical 

remanent polarization of 51 μC/cm2 in this material, which correlates with a reduction of stress of 

0.56 GPa from ferroelastic switching. Therefore, ferroelastic switching alone cannot explain the 

1.1 GPa of stress reduction observed here. Instead, a phase transformation from the antipolar to 

polar orthorhombic phase or a combination of a phase transformation and ferroelastic switching 

are responsible.  

These results provide insight into the interplay between the wake-up effect and mechanical 

stress and may help explain recent observations of improved polarization response in HfO2-based 

thin films subjected to an ex situ compressive strain. When Kruv et al.261 applied an in-plane 

compressive strain to Si-doped HfO2 films, an increase in the remanent polarization during wake-

up was observed. Together with the results presented here, these data suggest that the application 

of compressive stress aids in lowering the barrier required for the phase transformation from the 

antipolar orthorhombic phase to the polar orthorhombic phase, which relieves biaxial tensile stress. 

While some groups claim that ferroelastic switching alone is responsible for wake-up,91 the results 

shown here demonstrate that this cannot be the case – if ferroelastic switching is occurring, it is in 

addition to a phase transformation. 

 

8.5.  Conclusions 

 The biaxial stress state in individual HZO capacitors as wake-up proceeds has been 

quantified. The biaxial stress decreases from 4.3 ± 0.2 in the pristine state to 3.2 ± 0.3 GPa 

following field cycling with 106 square waves. The decrease in stress coincides with a decrease in 

relative permittivity, suggesting that a phase transformation has occurred. The FTIR measurements 

confirm that there is an increase in the polar orthorhombic phase after wake-up. Based on the 

magnitude of the stress reduction, a transformation from the antipolar to polar orthorhombic phase 

is more likely than a transformation from the tetragonal to polar orthorhombic phase, which is 

additionally consistent with the FTIR data. The possibility of ferroelastic domain switching 

contributing to biaxial stress reduction is currently being investigated, but calculations considering 

the magnitude of polarization increase with wake-up and the required degree of ferroelastic 

switching suggest that it cannot account for the full stress reduction. Therefore, this work shows 

that phase transformations do occur during wake-up and result, in-part, to a reduction in the biaxial 
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stress in the device. Together, these results are necessary for understanding and controlling the 

wake-up effect in devices utilizing ferroelectric HZO thin films.   

 

8.6. Experimental Methods 

8.6.1. Sample Preparation 

 TaN/HZO/TaN metal-ferroelectric-metal devices were prepared on (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/cm2 under an argon background pressure of 

5 mTorr in a 45° off-axis geometry. 20 nm-thick HZO was next deposited using plasma-enhanced 

ALD 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 comprising 6 cycles of HfO2 and 4 cycles of ZrO2 were utilized for deposition, 

resulting in a nominal film composition of Hf0.5Zr0.5O2. Next, a planar 20 nm-thick TaN top 

electrode was deposited using the same conditions as the bottom electrode. The sample was then 

rapid thermal annealed at 600 °C using an Allwin21 AccuThermo 610 Rapid Thermal Processor 

for 30 seconds in a N2 atmosphere. After annealing, 50 nm-thick circular platinum contacts of 

varying diameters were DC sputtered through a shadow mask. Then, the sample underwent an SC-

1 etch (5:1:1 H2O:30% H2O2 in H2O:30% NH4OH in H2O) for 45 minutes at 60 °C to remove the 

blanket top TaN layer, leaving discrete TaN/HZO/TaN/Pd devices. The sample prepared for FTIR 

measurements received 5 nm top TaN and Pt electrodes, and was subjected to an SC-1 bath for 10 

minutes under the same conditions described above. 

 

8.6.2. AFM Tomography 

 5 × 5 μm regions on the cycled electrodes of the sample prepared for FTIR were thinned 

by tomographic AFM as described by Song et al.174 An Asylum Research Cypher AFM with a 

conductive diamond-coated tip (Nanosensors CDT-NCHR, 80 N/m stiffness) in contact mode with 

a setpoint of 0.1 or 0.2 V was used with a scan rate of 0.8 Hz to remove electrode material. 
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8.6.3. Electrical Characterization 

 Electrical measurements were performed on 100 μm diameter contacts. Polarization-

electric field (P(E)) and positive up negative down (PUND) measurements were made using a 

Radiant Technologies Precision LC II Tester. P(E) measurements were made with maximum 

applied field of 2.5 MV/cm and a period of 1 ms. PUND measurements were performed with 

maximum applied field of 2.5 MV/cm, a 1 ms pulse width, and a 1000 ms pulse delay. The relative 

permittivity, which contains both the intrinsic permittivity of the lattice and the extrinsic reversible 

domain wall contributions of the samples, were extracted from dielectric nonlinearity 

measurements conducted using a Keysight E4980A LCR meter with a frequency of 10 kHz and 

oscillator levels ranging from 0.002 to 0.100 V, root mean square. Films were field cycled between 

pristine and 106 cycles using 10 kHz, 2.0 MV/cm square waves. 

 

8.6.4. FTIR 

 Near-field FTIR measurements were performed at the Advanced Light Source (Beamline 

2.4) using a tip-based scattering approach (Neaspec). 48 averages were collected with a 2 cm-1 

resolution at each point. A reference background was collected using e-beam evaporated gold with 

96 averages and a 2 cm-1 resolution. 

 

8.6.5. Stress Measurement 

 To evaluate stress in the HZO films, 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, an ω incident angle fixed at 18°, and a Photon III detector at a distance of 70 mm. MgO 

powder on the film surface was used for height alignment. The pyFAI integration package262 was 

employed for area detector pattern unwarping, and LIPRAS263 peak fitting software was utilized 

to fit Pearson VII shapes to area detector line intensity profiles. 
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Chapter 9: Effects of Heavy Ion Irradiation on HfO2-Based Films 

  

9.1. Motivation 

 In the previous chapters, some of the factors shown to affect the stability of the 

ferroelectric phase in HfO2-based thin films have been addressed. These include oxygen content, 

grain size, and biaxial stress. In Chapter 7, it was shown that the HiPIMS pulse width, which is 

tied to the ionization of the sputtered species, affects the phases that are formed after rapid 

thermal annealing HfO2 thin films. This observation pointed to a change in the structure of the 

amorphous phase driving an alteration in the nucleation behavior and a new means of controlling 

crystalline phase formation. However, there are difficulties associated with reactive sputtering of 

HfO2 from a metal target that result in process instabilities and, ultimately, issues with 

reproducibility. ALD is a reliable technique for the deposition of this material. While control of 

the energy and ionization of the depositing species in ALD is challenging, other methods that 

alter the amorphous structure and enable control of nucleation should be explored in order to 

produce phase-pure ferroelectric HfO2 thin films. In this chapter, the effects of heavy ion 

irradiation with 2.8 MeV Au2+ ions on amorphous HfO2 and HZO thin films will be evaluated. 

 

9.2. Introduction 

Atomic layer deposition (ALD) is the most commonly used deposition method for the 

preparation of ferroelectric hafnium oxide (HfO2)-based thin films. It provides atomic-scale 

control of thickness due to the layer-by-layer growth process and is used for the synthesis of 

amorphous HfO2 high-κ gate dielectrics in semiconductor fabrication facilities. However, HfO2-

based thin films grown by ALD are typically amorphous as-deposited and must be annealed to 

form the crystalline phase. This annealing process results in films with a wide range of grain sizes 

since nucleation and growth are stochastic processes. Because grain size is, in part, tied to phase 

stability in this material,34 ALD-deposited films are often multiphase. For optimal device 

performance, single-phase films consisting only of the ferroelectric phase are desired. Thus, a 

method to control nucleation of the phases present in HfO2-based thin films deposited by ALD 

could assist in the stabilization of a single phase. Ion irradiation is one such method. 
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Ion irradiation has been studied for applications in microelectronics processing for over 40 

years, and, for example, the effects of irradiation in amorphous silicon have been widely explored. 

Spinella et al. demonstrated that irradiation conditions can have a significant impact on the 

crystallization kinetics in amorphous silicon.264 Increasing the dose rates of Kr+ and Ar+ ions 

resulted in a decrease in the nucleation rate. While the lighter Ar+ ions led to higher nucleation 

rates than the heavier Kr+ ions, the Kr+ ions led to higher crystalline growth rates. The authors, 

along with others,265,266 asserted that ion-induced defects result in an increase in the free energy of 

the amorphous phase, thereby lowering the nucleation barrier. These results suggest that ion 

irradiation can be harnessed to impact nucleation and growth in thin films of other materials. 

A limited number of studies have examined the effects of irradiation of amorphous HfO2 

and ZrO2 thin films. Irradiation of amorphous zirconium oxide (ZrO2) thin films with 

2×1014 ions/cm2 doses of 1 MeV Kr+ and 5×1015 ions/cm2
 doses of 350 keV O- ions has been 

shown to crystallize the films into the tetragonal phase.267,268 HfO2 films irradiated with 100 MeV 

Ag ions resulted in the crystallization into the monoclinic phase,269 while 6.3 MeV 56Fe ions up to 

a fluence of 2×1014 ions/cm2 resulted in the cubic or tetragonal phase, according to X-ray 

diffraction.270 From these studies, it is evident that ion irradiation can induce crystallization of thin 

films. As only a limited number of irradiation conditions have been studied in HfO2 and ZrO2 thin 

films; other ion conditions should be explored as a new means to nucleate the desired phase in 

HfO2-based thin films.  

In this work, the effects of the irradiation of amorphous 20 nm thick HfO2 and hafnium 

zirconium oxide (HZO) films by 2.8 MeV Au2+ ions with fluences ranging from 1×1013 ions/cm2 

to 1×1015 ions/cm2 are studied. This energy was chosen so that the Au ions penetrate the dielectric 

layer and stop in the bottom electrode or Si substrate. In addition to measuring the electrical 

properties of the HZO film after irradiation, differences in phase compositions are examined by 

X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy measurements. 

While early XRD measurements suggested that the films were amorphous after ion irradiation, it 

was later determined that they crystallized under all irradiation conditions. Thus, irradiated films 

before and after annealing will be compared. 
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9.3. Experimental Methods 

9.3.1. Sample Preparation 

20 nm thick HfO2 and HZO films were deposited on 100 nm thick TaN bottom electrodes. 

The planar TaN bottom electrodes were deposited via DC sputtering from a sintered TaN target 

with a power density of 3.3 W/cm2 under an argon background pressure of 5 mTorr in a 45° off-

axis geometry. 20 nm-thick HfO2 and HZO films were next deposited using plasma-enhanced 

ALD 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. For 

HZO films, supercycles comprising 5 cycles of HfO2 and 5 cycles of ZrO2 were utilized for 

deposition, resulting in a nominal film composition of Hf0.4Zr0.6O2. After irradiation, some samples 

were rapid thermal annealed at 600 °C using an Allwin21 AccuThermo 610 Rapid Thermal 

Processor for 30 seconds in a N2 atmosphere. After annealing, 20 nm of TaN and 50 nm of Pd 

were DC sputtered through a shadow mask to define individual capacitors for electrical 

measurements. 

9.3.2. Irradiation Conditions 

The samples underwent 2.8 MeV Au2+ ion irradiation with doses ranging from 1×1013 to 

1×1015 ions/cm2
 and a flux of 9×1011 ions/cm2/s at the Ion Beam Laboratory (IBL) in the Center 

for Integrated Nano Technologies (CINT) at Sandia National Laboratories. Stopping and Range 

of Ions in Matter (SRIM) simulations271 were performed to evaluate the ion ranges and collision 

events for these irradiation conditions in HZO and HfO2, shown in Figure 9.1. For both HZO and 

HfO2, the end of range is primarily within the Si layer. 
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Figure 9.1: Simulation of ion ranges and collision events for 2.8 MeV Au2+ in HZO and HfO2. 

 

9.3.3. Electrical Characterization 

 Electrical measurements were performed on 100 μm diameter contacts. Polarization-

electric field (P(E)) measurements were made using a Radiant Technologies Precision LC II Tester 

with a maximum applied field of 2.5 MV/cm and a period of 1 ms. Electric field cycling was 

performed with 5000 2.5 MV/cm square waves at a frequency of 1000 Hz. A Keysight E4980A 

Precision LCR Meter was used for C-V measurements which utilized a 50 mV, 10 kHz oscillator. 

 

9.3.4. FTIR 

 Near-field FTIR measurements were performed at the Advanced Light Source (Beam Line 

2.4) using a tip-based scattering approach (Neaspec). 48 averages were collected with a 2 cm-1 

resolution in each point. A reference background was collected using e-beam evaporated gold with 

96 averages and a 2 cm-1 resolution. 
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9.3.5. X-ray Diffraction Measurements 

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, an ω incident angle 

fixed at 18°, and a Photon III detector at a distance of 70 mm. MgO powder on the film surface 

was used for height alignment. The pyFAI integration package262 was employed for area detector 

pattern unwarping. 

 

9.4.  Results and Discussion 

9.4.1. X-ray Diffraction 

 The 20 nm thick HfO2 and HZO films deposited by ALD underwent 2.8 MeV Au2+ ion 

irradiation. XRD is a widely used tool to examine the phases present in HfO2-based thin films. 

Although grazing-incidence XRD (GIXRD), which is optimized for thin films, is typically used, 

the size of the irradiation area prevented the use of GIXRD in this case. Instead, an instrument 

with a small spot size was used to target the small irradiation area. Initial XRD measurements 

suggested that the films were amorphous; however, later measurements on a new instrument with 

improved intensity revealed that the films had crystallized in the irradiation process. Because it 

was initially believed that the films had not crystallized, following irradiation, some of the films 

were rapid thermal annealed at 600 °C in N2 for 30 seconds. Identical samples that did not receive 

an ion dose were annealed under these conditions. XRD patterns for the (a) HZO and (b) HfO2 

samples that were annealed are shown in Figure 9.2. The HZO film that was not irradiated contains 

peaks that are indexed as the monoclinic and orthorhombic/tetragonal phases. However, the 

irradiated films contain a much smaller fraction of the monoclinic phase in comparison, with the 

film that underwent the highest ion dose having the lowest monoclinic phase fraction. The non-

irradiated HfO2 film consists entirely of the monoclinic phase. After irradiation with 

1×1014
 ions/cm2, a small orthorhombic/tetragonal peak begins to form. Finally, after irradiation 

with 1×1015
 ions/cm2, an intense orthorhombic/tetragonal peak is present. The significant 

differences in phase composition with increasing ion dose for both HZO and HfO2 films 

demonstrate that ion irradiation has the ability to modify the phases that form in these materials. 
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Figure 9.2: XRD patterns of 20 nm thick (a) HZO and (b) HfO2 films that underwent varying 

doses of 2.8 MeV Au2+ irradiation, followed by a rapid thermal anneal at 600 °C. 

  

XRD patterns for (c) HZO and (d) HfO2 films that underwent irradiation but were not 

annealed are also shown in Figure 9.2. For all irradiation conditions, the unannealed HZO has a 

single peak. A significant shift in the peak position to a lower 2θ angle is observed after irradiation 

with 1×1015
 ions/cm2, in comparison to those that were irradiated with 1×1013

 ions/cm2
 and 
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1×1014
 ions/cm2. Although it is difficult to differentiate between the tetragonal, polar 

orthorhombic, and antipolar orthorhombic phases using XRD measurements alone, this peak shift 

could signify that there is a difference in the phases present between these films. A significant 

difference in the phase compositions is observed between the HfO2 films that were irradiated and 

not annealed, and those that were annealed. The annealed films have monoclinic peaks present for 

all irradiation conditions. In contrary, the un-annealed films irradiated with 1×1014
 ions/cm2

 and 

1×1015 ions have no monoclinic peaks, indicating that they contain either of the orthorhombic 

phases, the tetragonal phase, or a mixture thereof. Comparing the HfO2 films before and after 

annealing, it is evident that the RTA process is inducing a phase transformation from the 

orthorhombic/tetragonal phase to the monoclinic phase. It is important to note that peak intensities 

cannot be compared here because MgO powder on the sample surface was used for height 

alignment. Differences in the amount of powder can attenuate the film signal, leading to different 

intensities.  

 While it is not possible to differentiate between the tetragonal, polar orthorhombic, and 

tetragonal phases, it is evident that these ion irradiation conditions have impacted the nucleation 

behavior and the phases that crystallize in this material.  

 

9.4.2. Electrical Measurements 

Electrical measurements were performed on HZO films to further characterize the majority 

phases in the films since each phase possesses a unique polarization and dielectric response. Yield 

issues prevented electrical measurements of the HfO2 films. Ferroelectric behavior has been linked 

to the polar orthorhombic phase. The antipolar orthorhombic phase exhibits an antiferroelectric 

response. The tetragonal phase is considered a field-induced ferroelectric, meaning that its 

centrosymmetry can be broken by applying an electric field.199 Finally, the monoclinic phase 

displays linear dielectric behavior.  

Figure 9.3 shows the polarization responses for annealed HZO films that received no ion 

dose and 1×1015 ions/cm2. The response for the film that received no ion dose is pinched in the 

pristine state (Fig. 9.3(a)), and opens to have a hysteresis loop that is characteristic of 

ferroelectricity after field cycling with 5000 2.5 MV/cm square waves to wake-up it up (Fig. 

9.3(b)). The remanent polarization is low but within the range that is expected for a film annealed 

without a top electrode that has a significant fraction of the monoclinic phase.193 The irradiated 
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film is also pinched in the pristine state Fig. 9.3(c). While the hysteresis loop does open up after 

wake-up, it still remains quite pinched in comparison to the film that was not irradiated. This 

pinched hysteresis response is consistent with antiferroelectric or field-induced ferroelectric 

behavior. Additionally, more leakage current contributions are evident after field cycling this film 

in comparison to the film that was not irradiated. 

 

 

Figure 9.3: Nested polarization hysteresis measurements for HZO films that were not irradiated 

(a) before field cycling and (b) after field cycling with 5000 2.5 MV/cm square waves, and those 

irradiated with 1015 ions/cm2 (a) before field cycling and (b) after field cycling. Both films were 

rapid thermal annealed. 
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Figure 9.4: Relative permittivity (left axis) and loss tangent (right axis) versus electric field after 

field cycling with 5000 2.5 MV/cm square waves for HZO films that received (a) no ion dose, and 

(b) 1015 ions/cm2 (both RTA at 600 °C). 

 

 Next, capacitance-voltage (C-V) measurements were made on the field-cycled HZO films 

that received (a) no ion dose and (b) 1015 ions/cm2, as shown in Figure 9.4. There is a significant 

difference in the C-V response and relative permittivity measured for each sample. The C-V 

response of the film with no ion dose exhibits a butterfly shape and two peaks characteristic of a 

ferroelectric material, while the irradiated film has a different shape with an extra peak. 

Additionally, the film that received no ion dose has a relative permittivity of approximately 30, 

while the irradiated film has a permittivity of around 60. The monoclinic phase is reported to have 

the lowest relative permittivity, ranging from 16 – 20, while the polar orthorhombic phase has a 

permittivity in the 27 – 35 range. The tetragonal phase has the highest relative permittivity, with 

values reported as high as 70.179 The relative permittivity of the antipolar orthorhombic phase is 

currently unknown, although it is hypothesized that it is similar to the polar orthorhombic phase 

due to similarities in bonding. From the XRD measurements shown in Figure 9.2, it was shown 

that the non-irradiated film contained the monoclinic phase in addition to the 

orthorhombic/tetragonal phases, while the film that received a 1015 ions/cm2
 dose had no 

monoclinic phase present. The high permittivity combined with the pinched hysteresis curve 

suggests that this film could contain some fraction of the tetragonal phase.  
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9.4.3. FTIR 

 To further examine the phases in these films, synchrotron tip-enhanced Fourier transform 

infrared spectroscopy (nano-FTIR) measurements were made on the HZO films with and without 

irradiation, and before and after annealing. Limitations in access to nano-FTIR prevented the 

measurement of HfO2 films. It should be noted that the spectral features of these HZO films may 

have shifted in comparison to those shown in Chapter 6 because of the presence of Zr in these 

films. Figure 9.5 shows the phase-signal spectra for (a) various irradiation conditions, stacked, 

and (b) the annealed films, layered, to show the differences in their IR features. In Fig. 9.5(a), the 

film that received no ion dose and no RTA has one broad feature. After receiving 1×1015
 ions/cm2, 

features at 550 cm-1 and 700 cm-1 are present, indicating that the films have crystallized. The lack 

of a feature on the high wavenumber side of the 700 cm-1 peak, which was shown to be present for 

HfO2 films containing a significant fraction of the polar orthorhombic phase in Chapter 6, suggests 

that this film contains a significant fraction of the antipolar phase. 

In Fig. 9.5(b), a narrowing of the feature around 700 cm-1 as the ion dose is increased is 

indicative of a transition from the monoclinic phase to either of the orthorhombic phases. Based 

on the high permittivity of the film that was irradiated with a 1×1015
 ions/cm2 dose, it was 

hypothesized that this film contained a significant fraction of the tetragonal phase. However, 

according to Fan et al., the tetragonal phase should have no IR signature between 450 and 850 cm-1. 

Therefore, the intensity of the IR signal of this film in this region suggests that the tetragonal phase 

is not the dominating phase. Rather, the polar or antipolar orthorhombic phases are dominating. 
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Figure 9.5: IR phase-signal spectra for (a) various irradiation conditions, stacked, and (b) the 

annealed films, layered, to show the differences in their IR features. 

 

9.5.  Discussion 

 Both XRD and FTIR measurements indicate that 2.8 MeV Au2+ ion irradiation has the 

ability to impact nucleation and the phases that crystallize in HZO and HfO2 thin films. When 

materials are irradiated, two mechanisms can be used to describe how energy is imparted to the 

material – electronic energy loss and nuclear energy loss. Electronic energy loss involves inelastic 

collisions between the ions and bound electrons in the material that result in thermal spikes. 

Nuclear energy loss refers to elastic collisions that result in damage cascades that cause disruptions 

in bonding and atom displacements in addition to thermal spikes. The mechanism that dominates 

depends on the energy and mass of the ions, as well as the density and mass of the material being 

irradiated. Higher energy, lighter ions are typically dominated by electronic energy loss, while 

lower energy, heavier ions are dominated by nuclear energy loss. In this case, the irradiation 

conditions explored here should result in a mixture of electronic and nuclear stopping, meaning 

that thermal spikes will occur in addition to damage cascades. These damage tracks appear to affect 

the local structure, while thermal spikes lead to crystallization of the films; strategies to better 

understand the effects of irradiation will be discussed in Chapter 10, Future Work. 
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Previous irradiation of crystalline HfO2 films with 1.635 GeV Au ions has also 

demonstrated an increasing number of oxygen vacancies with increasing ion fluence,272 and phase 

transformations from the monoclinic to tetragonal phase have been observed.273 This phase 

transformation was attributed to the creation of oxygen defects during irradiation. In Chapter 5, 

the impact of oxygen vacancies on phase formation in HfO2 films deposited by HiPIMS was 

discussed. Thus, the differences in phase composition here could be a result of oxygen deficiency 

induced by irradiation damage. Future work should include measurements of oxygen content by 

XPS to examine the potential oxygen deficiency of these films. 

 

9.6.  Conclusions 

 It was shown that 2.8 MeV Au2+ ion doses as low 1×1013 ions/cm2 and 1×1014 ions/cm2 

can induce crystallization in HZO and HfO2 thin films, respectively. This method of crystallization 

is promising for the integration of ferroelectric HfO2-based materials into circuits where low 

temperatures are required. According to XRD and FTIR measurements, the irradiated films have 

lower monoclinic phase fractions than their non-irradiated counterparts, demonstrating that 

irradiation has the potential to be used to produce phase-pure ferroelectric HfO2-based films. In 

Chapter 10, Future Work, additional experiments to better understand the effects of irradiation in 

this material are proposed. Likewise, a wider range of ion irradiation conditions should be explored 

so that crystallization of the desired phase can be achieved. 
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Chapter 10: Future Work 
 

10.1.  Nano-FTIR measurements of Hf1-xZrxO2 Thin Films 

 In addition to the nano-FTIR measurements discussed in Chapters 6, 8, and 9, 

measurements were performed on a series of films deposited by atomic layer deposition (ALD) 

that span the composition range from pure HfO2 to ZrO2. Different compositions were obtained 

by varying the ALD Hf:Zr cycle ratios. The phase spectra are shown in Figure 10.1. The grey 

dashed lines show the locations of some of the spectral features so that their evolution with 

composition can be evaluated. Clear differences are observed as the composition of these films 

changes. The primary features in the pure HfO2 film are located at 460, 630, and 773 cm-1. In 

pure ZrO2, the primary feature is located at 718 cm-1. As the composition varies between these 

two end-members, a gradual evolution in spectral features is observed. These spectral differences 

are related to both compositional differences as well as differences in the phases present in the 

films.  
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Figure 10.1: Nano-FTIR phase measurements of films with compositions spanning from pure 

HfO2 to ZrO2. The spectra have been offset for clarity. The ratios in the legend represent ALD 

Hf:Zr cycle ratios. 

 

 To evaluate the phases present in these films, grazing-incidence X-ray diffraction (GIXRD) 

measurements were performed (Figure 10.2). As expected, the amount of monoclinic phase 

decreases as the composition varies from being Hf-rich to Zr-rich. The Zr-rich films only have a 

single peak that can be indexed as either the polar orthorhombic, antipolar orthorhombic, or 

tetragonal phase. The phase information provided by GIXRD measurements may help to 

disentangle the effects of composition and phase on features in vibrational spectra. Further analysis 

of these data will provide useful information about how to interpret vibrational spectra in doped 

HfO2 films. For example, while it is commonly assumed that ZrO2 forms as a tetragonal phase in 

films of this thickness, the FTIR spectrum has a peak that is more consistent with an orthorhombic 

phase, possibly the antipolar phase. The low intensities of the distinct orthorhombic peaks in XRD 
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preclude the ability to assess structural phase by lab-scale GIXRD and will likely require TEM or 

synchrotron-based XRD characterization. 

 

Figure 10.2: Grazing-incidence X-ray diffraction measurements of films with compositions 

spanning from pure HfO2 to ZrO2. The ratios in the legend represent ALD Hf:Zr cycle ratios. 

 

10.2.  Ion Irradiation Effects in HfO2-Based Thin Films 

 In Chapter 9, 2.8 MeV Au2+ ions were used to irradiate HfO2 and HZO thin films with 

fluences ranging from 11013 to 11015 ions/cm2. These irradiation conditions resulted in a 

mixture of electronic and nuclear stopping, although electronic stopping dominated. X-ray 

diffraction and nano-FTIR measurements demonstrated that irradiation affected nucleation and the 

phases that formed, but also crystallized the films. The crystallization likely resulted from thermal 

spikes induced by electronic stopping. 
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In future experiments, other ions can be chosen to span the range of electronic to nuclear 

stopping based on Stopping and Range of Ions in Matter (SRIM) simulations.271 In-situ TEM can 

also be performed to identify possible crystal nucleation mechanisms and understand the roles of 

interfaces and electronic versus nuclear stopping on nucleation and growth. Irradiation conditions 

that are dominated by nuclear stopping may not result in crystalline films; however, these 

conditions will still cause damage via atom displacements and disruption of bonding. In this case, 

characterization of the amorphous state should be performed. Some possible characterization 

methods include X-ray reflectivity measurements to evaluate how irradiation changes the density 

of the films. Additionally, X-ray absorption fine structure (XAFS) performed at a synchrotron 

facility could provide information about local environment such as coordination number and bond 

length. By correlating the amorphous structure with the phases that form after crystallization, 

information about how the local structure in the amorphous state affects the nucleation behavior 

and crystalline state can be obtained. This information can be harnessed to produce phase-pure 

ferroelectric HfO2-based thin films. 
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Conclusions 
  

Ferroelectric HfO2-based thin films have the potential to significantly impact a wide range 

of microelectronic applications due to their silicon compatibility and improved scaling in 

comparison to conventional ferroelectric materials. However, the stability of the ferroelectric 

phase is an issue that is not yet fully understood, and must be controlled before the material can be 

integrated in devices. The purpose of this dissertation work was to better understand the factors 

that affect the stability of the ferroelectric phase in this material. The following is a summary of 

the work shown here. 

Chapter 1 outlined the motivation and outcomes of this dissertation work. Chapter 2 served 

as an introduction to ferroelectricity, with a focus on ferroelectric HfO2. Atomic layer deposition 

(ALD) and high-power impulse magnetron (HiPIMS) were introduced in Chapter 3, and the 

development of the HiPIMS process for deposition of ferroelectric HfO2 thin films was detailed. 

In Chapter 4, various structural, chemical, and electrical characterization techniques that were used 

throughout this work were described. 

Since oxygen vacancies significantly affect the performance of ferroelectric HfO2-based 

thin films, the impact of plasma oxygen content during HiPIMS deposition of HfO2 films was 

investigated in Chapter 5. It was shown that the oxygen content in the plasma directly related to 

the oxygen content in the films, and this oxygen content has a strong influence on phase formation 

and ferroelectric performance. The oxygen vacancy concentration played a larger role in phase 

stability than grain size at this approximately 20 nm size scale. Neutral oxygen vacancies, which 

are often overlooked in the literature, were also identified in crystalline HfO2 films. These results 

demonstrated that oxygen content could be used to dictate phase nucleation in HfO2 films. 

Next, infrared (IR) spectroscopy was demonstrated as a means by which HfO2 phases could 

be unambiguously assessed in Chapter 6. While grazing-incidence X-ray diffraction (GIXRD) is 

commonly used to distinguish between phases, it has difficulty in differentiating between the 

ferroelectric orthorhombic phase and other metastable phases. Using three HfO2 films consisting 

primarily of the monoclinic, polar orthorhombic, and antipolar orthorhombic phases, respectively, 

the unique signatures of each phase were identified using synchrotron nano-Fourier transform 

infrared spectroscopy (nano-FTIR) measurements, and vibrational spectroscopy was demonstrated 

as a means to characterize phases present in this material. 
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Ion bombardment was assessed in two ways – during film growth via the HiPIMS pulse 

width (Chapter 7) and irradiation of HfO2 and hafnium zirconium oxide (HZO) films with 2.8 

MeV Au2+ (Chapter 9). The HiPIMS pulse width, which affected the ionization fraction of the 

depositing species, was shown to alter nucleation behavior and the phases that formed during 

crystallization. Similarly, heavy ion irradiation was demonstrated to affect nucleation and the 

phases that formed in films grown by atomic layer deposition (ALD), although this method also 

resulted in the crystallization of the films. 

The ‘wake-up’ effect, in which the remanent polarization increases with electric field 

cycling, was addressed in Chapter 8 in the context of biaxial stress measurements. The evolution 

of film stress during wake-up was quantified for the first time, and the magnitudes of biaxial stress 

reduction provided insight into the mechanisms responsible for wake-up. Further, using nano-

FTIR measurements, it was proven that phase transformations contribute to this effect. 

Overall, this dissertation describes how processing and field cycling can impact the 

properties of ferroelectric HfO2-based thin films. This knowledge can be used to develop 

engineering strategies to combat phase instabilities in this material so that HfO2-based thin films 

can be incorporated into the next generation of microelectronics. 
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