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Abstract 

 

Ferroelectric HfO2-based thin films have aroused great interest in the research field of 

memory devices, because it is a complementary metal oxide semiconductor compatible 

material with excellent scalability. However, it is needed to further clarify the nature of 

ferroelectricity and enhance the ferroelectric properties. Epitaxial thin films, with more 

controlled microstructure than polycrystalline films, can help to this objective. This thesis 

is focused on epitaxial HfO2-based films, investigating new deposition conditions, the use 

of different substrates and doping and their impact on basic functional properties. 

Switching and fatigue mechanisms are also investigated. 

In order to tailor the epitaxial growth of HfO2-based thin films, first, we grown 

Hf0.5Zr0.5O2 (HZO) films under lower oxidizing condition with inert Ar gas to decrease 

the pulsed laser deposition (PLD) plasma energy when reducing the oxygen pressure in 

the deposition process. Optimized mixing Ar and O2 atmosphere allows increase of 

polarization around 50% respect films grown by conventional pulsed laser deposition. 

Second, we have investigated the effect of seed layers. Ultrathin HZO seed layer was 

grown on the bottom electrode to obtain crystallization of HZO film at lower deposition 

temperature. Third, we have found that orthorhombic phase can also be epitaxially 

stabilized on LSMO/STO(110) and LSMO/STO(111), having the films different in-plane 

epitaxial relationship than films on LSMO/STO(001)  

Doping effect of Zr and La on the ferroelectricity of HfO2 epitaxial films has been 

systematically studied. First, Hf1-xZrxO2 films in all the explored compositions are 

ferroelectric without wake-up effects. Endurance is better in HZO film than that of HfO2 

and ZrO2 films. Second, we investigated the influence of La content, film thickness, and 

substrate induced epitaxial stress on the ferroelectricity of La:HfO2 films. The optimized 

La content is 2-5 at%. 2 at% La:HfO2 films with thickness less than 7 nm show a high Pr 

of about 30 μC/cm2, slight wake-up, an endurance of at least 1010 cycles and a retention 

of more than 10 years. 2 at% La:HfO2 films show the highest Pr for films grown on 

scandate substrates when compared with other perovskite substrates. Third, the Zr and La 

co-doping on HfO2-based films is explored. In 1% La doped HZO films, it is found that, 

as for other compositions, there is a reduction of polarization with thickness increase in 

the explored range; however, for the studied composition the reduction is less than for 
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films without La doping. Endurance in epitaxial La-doped HZO films is more than 1010 

cycles, and it is accompanied by excellent retention of more than 10 years at same voltage. 

This proves that there is no endurance-retention dilemma in La-doped HZO films as stated 

in previous literature. Furthermore, phases and polarization of the HfO2-ZrO2-La2O3 

ternary system has been mapped observing that indeed 1%La doped HZO show the best 

performance  

Impact of crystal phases on ferroelectric properties, such as endurance and switching 

dynamics, is also investigated. Epitaxial HZO films almost free of parasitic monoclinic 

phase suffer severe fatigue. In contrast, fatigue is mitigated in films with greater amount 

of paraelectric phase. On the other hand, switching analysis reveals that pure 

orthorhombic phase films follow the Kolmogorov-Avrami-Ishibashi switching model. 

Instead, the mixed orthorhombic/monoclinic phase films show nucleation limited 

switching. Films having larger fraction of non-ferroelectric phase with concomitant larger 

number of incoherent grain boundaries show 2 orders of magnitude faster switching time. 

Both studies allow to conclude that the films showing the largest amount of ferroelectric 

orthorhombic phase do not show the best functional properties.  
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Resumen 

Las capas finas ferroeléctricas basadas en HfO2, debido a su alta escalabilidad y a la 

compatibilidad con los procesos complementary metal oxide semiconductor - CMOS, han 

centrado un gran interés en el campo de los dispositivos de memoria. Sin embargo, es 

necesario entender mejor la naturaleza de la ferroelectricidad en este material con el fin 

de mejorar sus propiedades ferroeléctricas. Las capas finas epitaxiales, con 

microestructura más controlada que la de las capas policristalinas, pueden ayudar a 

realizar dicho objetivo. Esta tesis se focaliza en capas epitaxiales basadas en HfO2, 

investigando nuevas condiciones de depósito, usando distintos substratos, e investigando 

efectos de dopaje. Los mecanismos de conmutación y fatiga también se han investigado. 

Con el objetivo de lograr un mayor control en el crecimiento epitaxial de HfO2 dopado, 

hemos crecido en primer lugar capas finas de Hf0.5Zr0.5O2 (HZO) bajo condiciones de 

baja oxidación. Para ello hemos usado una baja presión de oxígeno, introduciendo 

simultáneamente Ar gas en la cámara de depósito de láser pulsado (PLD) controlando la 

energía del plasma generado por ablación laser a la vez que las condiciones de oxidación. 

La optimización de la mezcla de gases de O2 y Ar ha permitido aumentar la polarización 

de las capas en un 50% respecto a capas equivalentes crecidas mediante condiciones PLD 

convencionales. En segundo lugar, hemos investigado los efectos de capas semilla, 

creciendo capas ultrafinas de HZO sobre el electrodo inferior para poder crecer encima 

HZO a menor temperatura. En tercer lugar, hemos demostrado que la fase ortorrómbica 

también puede estabilizarse epitaxialmente sobre LSMO/STO(110) y LSMO/STO(111), 

presentando las capas una relación epitaxial diferente a la de las capas sobre 

LSMO/STO(001). 

Se ha realizado un estudio sistemático de los efectos de dopaje con La y Zr sobre la 

ferroelectricidad de capas epitaxiales de HfO2. En primer lugar, demostramos que las 

capas de Hf1-xZrxO2 son ferroeléctricas en todo el rango de composición (desde x = 0 a x 

= 1), sin presentar además efecto de wake-up. La resistencia al ciclado es mejor en HZO 

que en capas de HfO2 o ZrO2. En segundo lugar, hemos investigado la influencia del 

contenido de La, espesor, y tensión epitaxial inducida por el substrato en la 

ferroelectricidad de capas de La:HfO2. El contenido óptimo de La es 2-5 at%. Capas de 2 
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at% La:HfO2 de espesor inferior a 7 nm presentan una alta Pr de unos 30 μC/cm2, efectos 

de wake-up mínimos, resistencia al ciclado de al menos 1010 ciclos y retención de más de 

10 años. Creciendo 2 at% La:HfO2 sobre diversos substratos tipo perovskita hemos 

demostrado que la mayor polarización se obtiene sobre escandatos. En tercer lugar, hemos 

explorado el efecto sinérgico de co-dopar con La y Zr. En capas de HZO dopadas con 1% 

La se observa que la disminución de la polarización con el espesor es menor que en capas 

sin La. La resistencia al ciclado de capas de HZO dopadas con La es superior a 1010 ciclos, 

y además la retención es de más de 10 años cuando se ha usado el mismo voltaje, lo que 

demuestra que no existe un dilema entre retención y resistencia al ciclado en HZO dopado 

con La. Finalmente, hemos determinado el mapa de fases y polarización en el sistema 

ternario HfO2-ZrO2-La2O3.  

Hemos investigado el impacto de las fases presentes sobre las propiedades ferroeléctricas, 

en particular sobre la resistencia al ciclado y la dinámica de conmutación ferroeléctrica.  

La capas epitaxiales de HZO casi libres de fase parásita monoclínica sufren fatiga de 

manera severa, mientras que ésta es mucho menor en capas con cantidad alta de fase 

monoclínica. Por otra parte, hemos confirmado que en las capas básicamente 

ortorrómbicas puras (sin fase monoclínica) la conmutación ferroeléctrica se produce 

según el modelo Kolmogorov-Avrami-Ishibashi. Sin embargo, el proceso de 

conmutación está limitado por nucleación en capas con mezcla de fases ortorrómbica y 

monoclínica. En estas capas con mayor fracción de fase no ferroeléctrica y con ello mayor 

número de fronteras de grano no coherentes, el tiempo de conmutación es dos órdenes de 

magnitud más rápido. 
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Resum 

Les capas fines ferroeléctricas basades en HfO2, a causa de la seva alta escalabilidad i a 

la seva compatibilitat amb processos complementary metal oxide semiconductor - CMOS, 

han centrat un gran interès en el camp dels dispositius de memòria. Tanmateix, és 

necessari entendre millor la naturalesa de la ferroelectricitat en aquest material per tal de 

millorar les seves propietats ferroelèctriques. Las capes fines epitaxials, amb 

microestructura més controlada que las capes policristal·lines, poden ajudar a realitzar 

aquest objectiu. Aquesta tesi es focalitza en capes epitaxials basades en HfO2, investigant 

noves condicions de dipòsit, utilitzant diferents substrats i investigant efectes de dopatge. 

Els mecanismes de commutació ferroelèctrica i fatiga també s'han investigat. 

Amb l'objectiu d'aconseguir millor control en el creixement epitaxial de HfO2 dopat, hem 

crescut en primer lloc capes fines de Hf0.5Zr0.5O2 (HZO) sota condicions de baixa oxidació. 

Hem usat baixa pressió de l'oxigen, introduint simultàniament Ar gas a la càmera de 

dipòsit de làser polsat (PLD) controlant l'energia del plasma generat per l'ablació làser a 

la vegada que les condicions d'oxidació. L'optimització de la mescla de gasos d'O2 i Ar 

ha permès augmentar la polarització de les capes en un 50% respecte a capes equivalents 

crescudes mitjançant condicions PLD convencionals. En segon lloc, hem investigat els 

efectes de capes llavor, creixent capes ultrafines de HZO sobre l’elèctrode inferior per 

poder créixer sobre HZO a menor temperatura. En tercer lloc, hem demostrat que la fase 

ortoròmbica també pot estabilitzar-se epitaxialment sobre LSMO/STO(110) i 

LSMO/STO(111), presentant les capes una relació epitaxial diferent a la de les capes 

sobre LSMO/STO(001). 

S'ha realitzat un estudi sistemàtic dels efectes de dopatge amb La y Zr sobre la 

ferroelectricidad de capes epitaxiales de HfO2. En primer lloc, demostrem que les capes 

de Hf1-xZrxO2 son ferroelèctriques en tot el rang de composició (des de x = 0 a x = 1), 

sense presentar a més efecte de wake-up. La resistència al ciclat continu és millor en HZO 

que en capes de HfO2 o ZrO2. En segon lloc, hem investigat la influència del contingut 

de La, gruix, i tensió epitaxial induïda pel substrat en la ferroelectricitat de capes de 

La:HfO2. El contingut òptim de La és 2-5 at%. Capes de 2 at% La:HfO2 de gruix inferior 

a 7 nm presenten una alta Pr d'uns 30 μC/cm2, efectes de wake-up mínims, resistència al 

cicle d'almenys 1010 cicles i retenció de més de 10 anys. Creixent 2 at% La:HfO2 sobre 

diversos substrats tipus perovskita hem demostrat que la major polarització s'obté sobre 

escandats. En tercer lloc, hem explorat l'efecte sinèrgic de co-dopar amb La y Zr. En capes 
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de HZO dopades amb 1% La se observa que la disminució de la polarització con el gruix 

es menor que en capes sense La. La resistència al ciclat de capes de HZO dopades con La 

és superior a 1010 cicles, y a més la retenció de més de 10 anys quan s'ha utilitzat el mateix 

voltatge, el que demostra que no existeix un dilema entre retenció i resistència al ciclatge 

en HZO dopat amb La. Finalment, hem determinat el mapa de fases i polarització en el 

sistema ternari HfO2-ZrO2-La2O3. 

Hem investigat l'impacte que la presencia de diferents fases presenta sobre les propietats 

ferroeléctricas, en particular sobre la resistència al ciclat i la dinàmica de la commutació 

ferroeléctrica. 

La capes epitaxials de HZO quasi lliures fase paràsita monoclínica mostren fatiga de 

manera severa, mentre que és molt menor en capes amb una quantitat més alta de fase 

monoclínica. Per altra part, hem confirmat que en les capes purament ortoròmbiques 

(sense fase monoclínica) la commutació ferroeléctrica es produeix segons el model 

Kolmogorov-Avrami-Ishibashi. Tanmateix, el procés de commutació està limitat per la 

nucleació en capes amb barreja de fases ortoròmbica i monoclínica. En aquestes capes 

amb major fracció de fase no ferroeléctrica i amb el major nombre de fronteres de gra no 

coherents, el temps de commutació és dos ordres de magnitud més ràpid.  
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Chapter 1. Motivation, Objectives and Outline of the thesis 

1.1 Motivation 

The discovery of ferroelectricity in HfO2-based thin films have aroused great interest in 

the research field of memory devices, because HfO2 is a complementary metal oxide 

semiconductor (CMOS) compatible material with excellent scalability.1–8 The generally 

accepted origin for the ferroelectricity in hafnium is the formation of metastable non-

centrosymmetric orthorhombic phase (o-phase) with space group Pca21.
1,2,9,10 However, 

HfO2 is monoclinic (paraelectric) in bulk at ambient conditions, although it has various 

polymorphs depending on the temperature and pressure. The transition from tetragonal 

phase (t-phase, P42/nmc) to cubic phase (c-phase, Fm3m) and to monoclinic phase (m-

phase, P21/c) occurs at 2773K and 1973K, respectively, whereas they are all 

centrosymmetric phase with non-polar property.2,11,12 The first report of ferroelectricity 

in HfO2-based thin films indicated that a very low thickness (around 10 nm) and 

introducing a capping layer (TiN top electrode) upon the thin film before annealing 

process was essential to stabilize ferroelectric phase (o-phase, Pca21) and supress non 

polar m-phase, suggesting an effect from surface energy and stress/strain.1,13,14 Other 

factors, such as doping concentration, defect concentration and spatial distribution, and 

kinetic mechanism during the preparation process were also reported as critical on the 

stabilization of the metastable polar phase.1,15–20  

Detailed investigations have been done to optimize ferroelectric phase ratio, explore the 

mechanism between structure and ferroelectricity, and fabricate devices focusing on 

HfO2-based thin films.2,9,12,21–24 Most reported works invole ALD-grown films, which are 

polycrystalline with multiple phases (m-,t-,c-,o-phases). In addition, the low thickness 

and small size of grains make a thorough structure characterization more challenging. 

Therefore, epitaxial films with well-oriented crystallinity and more uniform 

microstructure are convenient to better understand the intrinsic ferroelectricity of HfO2-

based film, as well as for prototyping devices. Epitaxial Y-doped HfO2 films was first 

reported in 2015 and deposited on (001)-oriented yttria-stabilized zirconia (YSZ) by 

pulsed laser deposition (PLD).25 The influence of Y doping concentration on the 

stabilized phases and temperature dependent orthorhombic-to-tetragonal structural phase 

transition were investigated in the next years. After that, ferroelectric epitaxial HfO2-
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based films have been grown on perovskite substrates and buffered Si substrate with 

La0.67Sr0.33MnO3 (LSMO) as bottom electrode, and high remanent polarization (>30 

μC/cm2) and long endurance (up to 1011 cycles) have been achieved.14,26–32 To further 

clarify the nature of ferroelectricity and enhance the ferroelectricity in HfO2-based 

ferroelectric materials, more research has to be done in the fabrication and functional 

characterization of epitaxial HfO2-based films. The deposition conditions and doping 

concentration have been investigated in detail. Meanwhile, mechanisms related to 

ferroelectricity (remanent polarization, endurance, retention, switching dynamics, etc) are 

still unclear and need to be clarified. 

1.2 Objectives 

The thesis aims to make progress in the following three directions.  

(i) Tailoring epitaxial of Hf0.5Zr0.5O2 thin film. 

Epitaxial Hf0.5Zr0.5O2 (HZO) thin films are grown under various oxygen and argon 

pressure to optimize the stabilized ferroelectric orthorhombic phase and FE polarization. 

The effect of a seed layer is also investigated. HZO or ZrO2 is deposited on the bottom 

electrode to favour crystallization under lower deposition temperature. In addition, 

Hf0.5Zr0.5O2 thin films are grown on LSMO/STO(110) and LSMO/STO(111) to explore 

the possible stabilization of the o phase and evaluate the influence of crystal orientation 

on the ferroelectricity. 

(ii) Stabilization of polar phase in epitaxial HfO2-based thin films by La and Zr doping. 

A series of epitaxial films of Hf1–xZrxO2 (x from 0 to 1) are deposited to explore the impact 

of Hf and Zr content on ferroelectric and insulating properties. La is another widely used 

atom to stabilize the ferroelectric phase in HfO2-based thin films. Epitaxial La doped 

HfO2 thin films (with La content in the 0-10 at%) are grown on SrTiO3(001) and Si(001), 

and the impact of the La concentration on the stabilization of the ferroelectric phase is 

determined. Based on the optimized concentration, La doped HfO2 thin films with 

different thickness are prepared to determine the effect on the ferroelectricity. 

Furthermore, the combined effect from epitaxial stress and La doping is explored. Finally, 

the combined doping effect by La and Zr is systematically investigated.  

(iii) Exploring the endurance and switching mechanisms in HfO2-based ferroelectric thin 

films. 
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Epitaxial HZO thin films deposited on monocrystalline substrates of varied lattice 

parameter influence the strain of the LSMO electrodes and strain determines the relative 

amount of paraelectric and ferroelectric phase in the thin films. We explore the impact of 

the present phases on the endurance, to determine the fatigue mechanisms. We also 

determine the impact of the phases on the switching speed, and the switching mechnisms 

are determined. 

1.3 Outline of the thesis 

Chapter 2 introduces the basics of ferroelectric materials and related applications. The 

research progress in the field of polycrystalline hafnia films and epitaxial hafnia films is 

reviewed. 

Chapter 3 contains a description of the experimental methods involved in the samples 

preparation, and structural and electrical characterization of the epitaxial HfO2-based thin 

films. 

Chapter 4 includes the result of the optimized deposition condition by introducing argon 

gas. By controlling the oxidizing conditions (through O2 partial pressure) and the energy 

of the pulsed laser deposition plasma (through the total pressure of O2 and Ar), a large 

increase in ferroelectric polarization can be achieved. In addition, the function of inserting 

a seed layer to decrease the deposition temperature for stabilizing ferroelectric phase is 

studied. Finally, the modulation of ferroelectricity by tailoring HZO epitaxial with 

LSMO/STO(110) and LSMO/STO(111) is demonstrated. 

Chapter 5 presents how the concentration of Zr and La determines the ferroelectricity of 

HfO2-based thin films. Then, the thickness effect on the ferroelectricity of La doped HfO2 

thin films is investigated on STO(001) and Si(001) substrates. The synergic effect from 

epitaxial stress and La doping on the remanent polarization is explored. Apart from the 

single atom doping, the synergic doping of Zr and La to HfO2-based thin films is 

systematically discussed focusing on the structure and polarization.  

Chapter 6 discusses the endurance and switching mechanism in epitaxial HfO2-based thin 

films. Films deposited on different monocrystalline substrates buffered with LSMO 

electrodes are used to investigate the influence of non-polar phase on the fatigue and 

retention. On the other hand, the role of non-polar phase on the switching dynamics of 
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HfO2-based thin films is identified. The potentiation/depression and spike-timing-

dependent plasticity neuromorphic-like behavior is also demonstrated. 

Chapter 7 presents the general conclusions of the thesis. 
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Chapter 2. Introduction 

2.1 Ferroelectric materials 

2.1.1 Ferroelectricity 

The first observation of ferroelectric phenomenon was reported in 1921 by J. Valasek.33 

Ferroelectric materials are materials that show spontaneous electric polarization 

switchable under external electric field. Ferroelectric materials belong to dielectric 

materials group (as shown in Figure 2.1.1a) with good insulating property. When 

applying external electric field to dielectrics, the space symmetric is broken, which 

creates a transient electric polarization. Within dielectric materials, a subset structure are 

piezoelectric materials. Piezoelectrics show deformation under electric field, or, surface 

charges under external stress. Pyroelectrics have a polar crystal symmetry and have 

polarization change with temperature increase or decrease. Ferroelectrics are a subgroup 

of pyroelectrics. The ferroelectric response is typically characterized by measuring the 

hysteresis loop (Figure 2.1.1b). In multidomain state, the domains in the ferroelectrics are 

random distributed. When applying an external electric field larger than coercive field 

(Ec), the domains will be oriented along electric field direction. After removing the 

electric field, a stable remanent net polarization (Pr) remains. Applying opposite electric 

field (larger than Ec), the domains will switch to opposite direction, and opposite stable 

state stays after removing electric field. The two stable states (positive and negative Pr) 

in ferroelectrics are taken as the two logic states (“1” and “0”) in memory devices. 

 

Figure 2.1.1 (a) Hierarchy of the dielectric materials according to the piezoelectric, pyroelectric 

and ferroelectricity. (b) Hysteresis polarization-electric (P-E) curve in ferroelectric materials.  

Dielectrics

Piezoelectrics

Pyroelectrics 

Ferroelectrics 

(a) (b)
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2.1.2 Materials 

The mostly investigated ferroelectric materials are perovskite oxides with general formula 

of ABO3, such as BaTiO3, BiFeO3, Pb(Zr,Ti)O3 (PZT). However, these conventional 

ferroelectrics confront various problems, including poor CMOS compatibility, Pd and Bi 

related environmental issue, and small bandgap and thus poor insulating properties. Since 

the discovery of ferroelectricity in the HfO2-based film in 2011, where robust 

ferroelectricity with remanent polarization above 15 μC/cm2 is observed in approximately 

10 nm-thick films, enormous interest has been focused to this material because it is 

compatible with CMOS processes.1–8 Meanwhile, HfO2 has good electrical insulating 

property with an energy gap of ≈5.3-5.7 eV, and its relative dielectric constant is around 

17 for monoclinic phase. Those properties make it widely applied high-k material in 

semiconductor industries.34  

 

Figure 2.1.2 Crystal structures of common HfO2 polymorphs including cubic, tetragonal, 

monoclinic, and orthorhombic.9,24 

HfO2 is a material with fluorite-type crystal structure. The most reported crystal structures 

in HfO2-based thin films include cubic (Fm3m), tetragonal (P42/nmc), monoclinic (P21/c), 

and orthorhombic (Pca21), as shown in Figure 2.1.3. In bulk, transition from monoclinic 

to tetragonal and to cubic phase occurs at 1973, and 2773 K, respectively.11 The process 

happens with temperature change without additional conditions. These three stable phases 

in bulk are centrosymmetric structure and non-polar. Numerous theoretical and 

experimental studies indicate that the polar orthorhombic phase (Pca21) exists in HfO2-

based thin films, which is responsible for the ferroelectric response.35–41 As sketched in 

Tetragonal (P42/nmc) Monoclinic (P21/c)Cubic (Fm3m)

Orthorhombic (Pca21)
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Figure 2.1.2, the external electric field induced displacement of the four oxygen ions 

(yellow ball and marked arrows) along the c-axis is the origin of the spontaneous 

polarization.1,9,35 In order to stabilize polar orthorhombic phase, some driving factors 

have to be introduced, such as volumetric confinement,1,4 doping,1,23,36,40,42–44 

strain/stress,14,45 defect concentration,18,46–49 scale effect,50–52 kinetics in the preparation 

process.16,19  

Apart from the most reported orthorhombic phase, there is also a rhombohedral structure 

identified in ferroelectric HfO2-based thin films when depositing under certain strain state 

and surface energy, and it can be responsible for ferroelectric response.27,53,54 In situ 

electrical biasing transmission electron microscopy experiments indicate that oxygen 

vacancy movement is intertwined with the ferroelectric switching process in the HfO2-

based thin films.32 

2.1.3 Devices 

Ferroelectric materials, with two electrically operated spontaneous polarization states that 

retains without power supply, have been considered as a promising candidate for future 

non-volatile memory devices.22 One type of the device is the capacitor-based ferroelectric 

random access memory (FeRAM), consisting of one transistor and one capacitor (1T-1C), 

as shown in Figure 2.1.3a. Write operation and destructive read out are performed by 

applying defined voltage pulses and monitoring the displacement current. The other two 

types ferroelectric memories are ferroelectric field effect transistor (FeFET) and 

ferroelectric tunnel junction (FTJ). FeFET is non-volatile memory cell consisting of one 

single transistor which has similar structure as the metal-oxide-semiconductor FET 

(MOSFET), but the gate oxide layer is replaced by a ferroelectric layer. The accumulation 

or depletion of carriers in semiconducting channel is controlled by the polarity of the 

ferroelectric layer.55 Therefore, the threshold voltage can be modulated by ferroelectric 

switching, and the memory window is identified as twice the multiple of coercive field 

and film thickness. FTJ is based on the tunnelling current through a very thin ferroelectric 

thin film (nanometer level). The tunnelling current can be modulated by the polarization 

state with changing of the potential barrier height between two electrodes.  
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Figure 2.1.3 (a) Device schemes for 1 transistor-1 capacitor ferroelectric random-access-

memory, ferroelectric field-effect transistor, and ferroelectric tunnel junction.9 (b) The 

polarization-electric field curves of Al-doped HfO2 capacitors with planar and three-dimensional 

structures.7 (c) The synaptic long term potentiation and depression characteristics (left side) of 

TiN/FE-HZO/Pt FTJ. And Hebbian STDP rule scheme from the synaptic array. 

 

For conventional perovskite-structure ferroelectrics, like PZT and SrBi2Ta2O9 (SBT), the 

limited scaling and non-compatible to the CMOS process are critical issues for state-of-

the-art three-dimensional stacks, because the lack of sufficient conformal deposition 

technologies and degradation of ferroelectricity at reduced thickness. In terms of FeFET, 

the decrease of the memory window has to be considered as decreasing the thickness, and 

a high coercive field is necessary, which is not satisfied by the conventional ferroelectrics. 

However, the appealing characteristics possessed by HfO2-based ferroelectric thin films 

can make a breakthrough to fabricate emerging memory devices. As shown in Figure 

2.1.3b, 10 nm-thick Al-doped HfO2 films were uniformly deposited on Si trenches, and 

the Pr can reach up to effective 150 μC/cm2 in three-dimensional structures which is one 

order of magnitude higher than that of a two-dimensional capacitor.7 The synaptic long-

term potentiation and depression characteristics and spike-timing-dependent-plasticity 

(STDP) behaviour in polycrystalline HfO2 film indicates possible application for artificial 

neural network (Figure 2.1.3c).56  

 

(a)

(b) (d)(c)

(e)

(a)

(b) (d)(c)

(e)

(a)

(b) (d)(c)

(e)

(a) (b)

(c)
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2.2 Ferroelectric HfO2 

Since the discovery of ferroelectricity in Si doped HfO2 thin films in 2011,1 a lot of 

researches have been done to fabricate, explore and improve the ferroelectricity of HfO2-

based thin films. Different deposition techniques have been used, such as atomic layer 

deposition (ALD),8,50,57–61 chemical solution deposition,62–64 pulsed laser deposition 

(PLD),10,14,25,65 sputtering18,66 and chemical vapour deposition.67 Most of the research of 

the FE HfO2 has involved into polycrystalline films, but since 2015,25 epitaxial films are 

also intensively investigated.  

2.2.1 Polycrystalline films 

The majority of researches have involved in polycrystalline films, and the methods to 

stabilize the ferroelectric phase in those films have been explored in detail. For instance, 

the influence of deposition atmosphere, doping, thickness effect. Furthermore, the 

mechanisms related to electrical properties have also been widely investigated by using 

polycrystalline films. 

Deposition atmosphere. During the growth of the HfO2-based thin films, the atmosphere 

is critical for the stabilization of the ferroelectric phase.18,20,48–50,68 During the deposition 

process, the most used oxygen source is O2. The oxygen pressure, which greatly 

conditions the oxidation level of the films has been found to be crucial. As indicated in 

Figure 2.2.1a, the increase of oxygen percentage [O2/(Ar + O2)] from 0 to 3.33% results 

in the increase of non-polar monoclinic phase, companied with the decrease of memory 

window and dielectric constant. Similarly, in the deposition process using O3, when 

increasing the ozone dose from 5s to 40s (Figure 2.2.1b), the intensity of monoclinic (-

111) and (111) diffraction peaks increases apparently, which leads to a decrease of the 

switching current. First-principle calculation also proved that higher oxygen vacancy 

concentration is useful to lower the formation energy barrier between the m phase and 

other phases, which can favour the formation of polar o-phase.18 

These results indicate that deposition HfO2-based thin film under oxygen deficiency is 

beneficial to the ferroelectric polarization, but how to balance a large leakage current with 

high polarization under high oxygen vacancy concentration has to be concerned.  
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Figure 2.2.1 (a) Influence of oxygen percentage [O2/(Ar + O2)] on the electric properties and 

microstructures of HZO films grown by sputtering.68 (b) Influence of ozone dose on the 

microstructure, ferroelectric switching and defects density of HfO2 films deposited by ALD.50  

Doping. Since 2011, various dopants, such as Gd, Tm, Y, Sr, La, Si, Zr, Al, etc have been 

applied to stabilize the ferroelectric phase in HfO2-based thin films.21,69 They can be 

divided into two groups, with atom radius larger (Gd, Tm, Y, Sr, La, Ba) and smaller or 

similar (Si, Zr, Al, Mg) than that of Hf atom (85 pm). Former researches indicate that 

larger dopants are helpful to increase the remanent polarization because the increased 

bond length of the metal-oxygen and asymmetry favors ferroelectric response.44,70,71 In 

Figure 2.2.2a, compared with Mg, Sr and Ba exhibit a significantly larger polarization. 

For each dopant, the remanent polarization is highly dependent on the concentration. As 

shown in Figure 2.2.2b-c, the optimized concentration for Si, Gd, Y, Sr is around 3% and 

for Al is around 5%, respectively, with optimized remanent polarization around 20 

μC/cm2. However, the best concentration for high Pr is around 12% for La dopant. The 

different results of Sr dopant in Figure 2.2.2a and Figure 2.2.2c also indicate a dependence 

on the fabrication process.  

 

(a)

(b)
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Figure 2.2.2 (a) Remanent polarization versus the doping content of Ba, Sr and Mg using 

chemical vapour deposition.44 Remanent polarization for ALD deposited HfO2 layers doped with 

(b) Si and Al, (c) Gd, La, Y and Sr (d) Zr as a function of concentration.20,21  

Favoured by the similarity in physical radius and crystal structures of Zr and Hf, solid 

solution can be achieved in the whole range of Zr/Hf ratio, and the concentration range 

for the highest Pr is around 50% (Figure 2.2.2d). Undoped HfO2 thin films are mostly 

formed by m-phase, presenting a dielectric behaviour and nearly-zero remanent 

polarization. When the content of Zr is around 50%, the polar orthorhombic phase is 

majority in the film, leading to a high ferroelectric polarization. Furthermore, in Zr-rich 

thin films, tetragonal phase induces an antiferroelectric-like behaviour.42,72 Apart from Zr, 

the experimental and theoretical studies also demonstrate high Pr when using La 

dopant.38,44,73 However, different respect to Zr, the phase transition with La content 

increase is from m-phase to o-phase, and then to c-phase.74 This kind of difference is 

related to the ionic radius, which changes the symmetry of the crystal structure and the 

bond length between the metal and oxygen atoms.36 In addition, ab initio simulations 

show that the valence difference with Hf causes oxygen vacancies which lead to structure 

deformation and the appearance of ferroelectricity, but vacancy-trapping capability of La 

dopant is useful to control the mobility of oxygen vacancies.73  

Thickness effect. Thickness is also one of the critical factor for stabilizing ferroelectric 

polar phase in HfO2-based thin films. With film thickness increase, the grain size 

increases and the portion of non-polar m-phase increases, leading to the degradation of 

ferroelectricity.47,51,75–77 As shown in Figure 2.2.3a, with thickness increase, the 

(a) (b)

(d)(c)
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ferroelectric orthorhombic phase presenting in 6 nm pure HfO2 film gradually transforms 

to m-phase and the Pr decreases from 10 μC/cm2 to 0 in 20 nm film. Similarly, for HZO 

thin films (Figure 2.2.3b), the 10 nm film shows a 2Pr value of 30.7 μC/cm2, but it 

decreases to almost negligible value in 40 nm film. Theoretical calculation (Figure 2.2.3c) 

also indicates a thickness effect on the phase formation and m-phase trends to form in 

thicker films.37,78  

The influence of thickness is usually companied with grain size effect. In the films with 

small grains radius (r), the surface energy (σ) of the nanoscale grains can induce internal 

pressure (P=2 σ/r) to the order of gigapascals,79,80 which is a key point for the  stabilization 

of the ferroelectric o-phase in HfO2-based thin films. Nowadays, ferroelectricity has been 

identified in the ultra-thin films with thickness around 1-2 nm.4,81 On the other hand, the 

fined grain is also believed to favour the formation of polar o-phase in 1 μm HfO2-based 

films.82 

 

Figure 2.2.3 (a) Grazing incident x-ray diffraction (GIXRD) data of the pure HfO2 thin films with 

different thicknesses. Right side is the enlarged range around 2θ= 30°. The bottom is the 

calculated m-phase fraction from the XRD data and the corresponding Pr value as a function of 

the film thickness.83 (b) Polarization loops of HZO films with various thicknesses.77 (c) Calculated 

(a)
(b)

(c)
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free energy difference relative to the phase with minimal Helmholtz free energy at 300K as a 

function of film thickness for HfO2, HZO and ZrO2.37 

Apart from the detailed mentioned deposition atmosphere, doping and thickness factors, 

there are many other factors that also have a great effect on the phase formation in HfO2-

based thin films, such as stress, insertion of seed layer or capping layer, interfacial energy, 

thermal kinetics, and grain size, etc.21 Up to now, the mechanism for the stabilization of 

polar phase in HfO2-based thin films is apparently caused by a combination of various 

factors.  

Challenges. The structures and the factors for improving the ferroelectricity in HfO2-

based thin films have been systematically investigated. However, for practical 

applications, there are still some challenges about this material for memory applications, 

such as wake-up effect and fatigue, and imprint and retention. As shown in Figure 2.2.4a-

b, the wake-up effect is often related to the merge of multiple current peaks during cycling 

process. Since the polarization loop is an integration of the current curve, this process is 

accompanied with a transition of the pinched hysteresis loop to a de-pinched loop with 

an increase of Pr and coercive field (Ec). The possible mechanisms for wake-up effect are: 

(1) field-induced phase transition, the widely reported transition from t-phase to o-

phase,84–87 and also some report about the transition from m-phase or antipolar phase to 

polar o-phase,88,89 (2) the redistribution of the charged defects.74,90 External electric filed 

can activate the oxygen vacancies and relax the locale dipoles that are pinned by charged 

oxygen vacancies.91 During cycling process, the gradually decreasing of the memory 

window is also one of the critical issue, called as fatigue. Possible explanations are the 

increase of the defect concentration leading to domain pinning effect, and the phase 

transition from polar phase to non-polar phase.86,92,93 With further cycling, the increase 

of defects and the formation of conducting path result in an increase of leakage current 

and finally, suffering hard breakdown.  

The existence of imprint is also detrimental to the retention and endurance, because the 

sacrifice of the one side polarization. The reason for the formation of imprint is related to 

the difference of the work function between the top and bottom electrodes, or the uneven 

distribution of the defects in the film.94–96 As shown in Figure 2.2.4c, the imprint increases 

with baking time, which is attributed to the internal bias field formed by trapping and/or 

detrapping near the electrodes. By La doping, the oxygen vacancy concentration declines, 

thus the imprint is reduced.96 Figure 2.2.4d summarizes Pr and the endurance of 
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ferroelectric HfO2-based films. In general, a smaller endurance presents when cycling 

uses a higher Pr. The highest endurance is around 1011 cycles with Pr around 12 μC/cm2. 

However, an endurance up to 1015 cycles is convenient for application of RAM device, 

thus further improvement of the endurance of doped HfO2 films is needed.22 

 

Figure 2.2.4 (a) Current-voltage curves of Sr:HfO2 films under pristine, wake-up, and fatigue 

states. (b) Evolution of the ferroelectric Pr during bipolar cycling. The difference between positive 

and negative Pr is defined as memory window (MW).86 (c) Imprint variation of the pristine and 

woken-up La:HZO film and HZO film as a function of bake time.96 (d) Summary of the reported 

endurance of films with different Pr.97 

2.2.2 Epitaxial films 

Epitaxial films with fewer defects and more controlled microstructure than that of 

polycrystalline films are convenient to understand and control ferroelectricity of HfO2-

based thin films. Epitaxial HfO2-based thin film was first reported in 2015 from Funakubo 

group and they reported polarization loops in 2016.25,98 Up to now, the reported results 

are mainly epitaxial films grown on yttria-stabilized zirconia (YSZ), perovskite substrates 

and Si substrate.23,24 The most employed method for epitaxial growth is pulsed laser 

deposition.  

Epitaxial growth on YSZ. Shimizu et al.25 deposited Y-doped HfO2 (YHO) directly on 

YSZ substrate, and 7% Y doped films indicated polar o-phase with Curie temperature (Tc) 

(b)

(d)

(a)

(c)
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around 450 °C. Tc was found to depend on the thickness and orientation of the YHO film, 

likely due to the mediation of surface energy and epitaxial strain.99 Inserting of oriented 

indium tin oxide (ITO) allowed to modulate the orientation of YHO film by controlling 

the mismatch between the film and the YSZ substrate, and further tailoring the phase 

formation and ferroelectricity.98,100,101 The thickness influence on  epitaxial YHO film 

was investigated in the thickness ranging from 10 nm to 1 μm.102 Unlike conventional 

ferroelectric film (PZT), there was very small dependent of Pr and Ec on film thickness, 

and a possible reason could be the small grain size in all explored thickness range.103–105 

Interestingly, after poling the YHO film grown on (001)ITO/YSZ, a ferroelastic domain 

switching from the nonpolar b-axis to the polar c-axis oriented domain was observed, 

which resulted in large saturated polarization around 30 μC/cm2.106 

YHO has also been deposited on ITO buffered YSZ substrate by sputtering, and the 

results reveal that during deposition and following annealing process, oxygen atmosphere 

is detrimental to the ferroelectricity and insulation property of YHO film.107 Mimura et 

al.108 reported that decreasing the sputtering power and oxygen pressure, ferroelectricity 

was observed in the YHO film without subsequent annealing. Apart from ITO, TiN has 

also been used as bottom electrode. TiO2 interfacial layer formed by interface reaction 

and the interface strain was found to be favourable to stabilize the ferroelectric phase.109 

Theoretical calculations also proves the function of growth orientation and epitaxial strain 

on the stabilization of ferroelectric phase.110 

Films with other composition have also been investigated.  Kiguchi et al.111 deposited 

HZO films on 100-oriented YSZ substrate by solid state epitaxy, and indicated that the 

stability of o-phase was also attributed to doping effect and thermal mismatch between 

the film and the substrate. Lower Ar-ion beam energy for the sputtering and higher 

crystallization temperature in the post-annealing process was beneficial to obtain higher 

quality film.112 Interestingly, 001 oriented HZO film has been also deposited by PLD on 

YSZ buffered by lattice matched Pb2Ir2O7 electrode.113 Electric-field-induced phase 

transition from t-phase to o-phase has been demonstrated in 5%Y doped HZO film.114 

Apart from the dopants mentioned above, Fe also presents as one of effective dopant for 

achieving ferroelectricity in epitaxial HfO2-based thin film with optimized concentration 

around 5%.115,116 

Epitaxial growth on perovskite substrates. Epitaxial ferroelectric HZO films have been 

deposited on STO substrate with LSMO as bottom electrode. The growth window for the 
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epitaxial HZO film by PLD was systematically investigated.65 Temperature and oxygen 

pressure increase is positive for the stabilization of o-phase and thus increasing the Pr, 

and with optimized film thickness at 7 nm, a Pr up to 24 μC/cm2 can be obtained. However, 

the increase of deposition temperature and oxygen pressure induce pronounced fatigue, 

and low deposition temperature degrades retention.117 The reliability performance of 9 

nm film shows no wake-up effect and endurance up to 108 cycles with long retention.28 

The epitaxial growth of HZO film on LSMO occurs by domain matching epitaxy 

mechanism, with arrays of dislocations with short periodicities.118 Estandia et al.119 

reported that HZO films grown on conducting perovskite electrodes presented low (on 

Nb:SrTiO3 and Ba0.95La0.05SnO3)or null (on LaNiO3 and SrRuO3) o-phase and Pr, but 

manganite electrodes (La1-xCaxMnO3, A=Sr or Ca, x=0.33 or 0.5) allowed the 

stabilization of the ferroelectric o-phase. The interface between the o-HZO and LSMO 

occurs by substitution of the Mn cations in the MnO2 expected renucleation of the 

manganite by a mixture of Hf/Zr atoms, with Hf/Zr occupying the sites of the Mn in the 

LSMO perovskite, which may play a role in the stabilization of ferroelectric phase in 

HZO film.120 Although o-phase is widely reported ferroelectric phase in HfO2-based thin 

film, Wei et al.10 observed that the HZO films deposited on STO with LSMO electrode 

was rhombohedral. Density-functional-theory calculations and further experimental 

results suggested that compressive strain and thinner film (size effect) is critical for the 

stability of a metastable rhombohedral phase.53,121  

To understand the influence of epitaxial stress on the stabilization of the ferroelectric o-

phase, epitaxial HZO films and LSMO electrode were grown on a set of single crystalline 

oxide substrates, as shown in Figure 2.2.5a-b. The lattice parameter of LSMO can be 

controlled by the substrate. Tensilely strained LSMO promote the formation of o-phase, 

whereas the relaxed or compressively strained LSMO favour the m-phase.14 
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Figure 2.2.5 (a) Sketch showing the lattice mismatch between the LSMO electrode and different 

oxide substrates. (b) Relationship between the intensity of XRD peaks of m and o phases as a 

function of HZO film and the LSMO in-plane lattice parameter on each substrate. The inset (left 

top) is polarization-voltage loops of films on different substrates. The right side is the sketch of 

the sample structure.14 

Epitaxial growth on Si. Lee et al.122 reported the first epitaxial YHO film on Si substrate 

buffered by YSZ. Ferroelectricity was proved by hysteresis loop and the film also 

presented good retention. 100-oriented epitaxial YHO films, as thick as 900 nm, were 

also obtained on (100)YSZ//(001)Si substrates buffered by (100)-oriented epitaxial ITO 

layers.102 Remarkably, epitaxial HZO thin film has been integrated on Si using STO as 

template, a remnant polarization as high as 34 μC/cm2 is achieved.29 HZO/LSMO bilayers 

were grown epitaxially on LaNiO3/ CeO2/YSZ/Si(001), and ferroelectricity o-phase 

exhibited in HZO film when growing on LSMO but not directly on LaNiO3.
31 After 

optimizing the ferroelectricity by thickness effect, the film, with sub-5 nm, can combine 

high polarization, endurance and long retention under same electric field.30 Thermal 

evolution indicates that with higher thermal energy, the mobility of oxygen vacancies and 

charge trapping is supported, thus wake-up and fatigue effect are accelerated.123 Epitaxial 

HZO film has also been deposited on Si directly, the interfacial SiO2 offers the initial 

compressive strain condition and polar o-phase can be stabilized by inhomogeneous 

strains from the surrounding m-phase.124 

(a)

(b)
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In this thesis, first, we will tailor the epitaxy of hafnium films by using lower oxidizing 

condition (combining low oxygen pressure with inert Ar gas to decrease the PLD plasma 

energy), inserting a seed layer (HZO or ZrO2) on the bottom electrode to crystalize under 

lower temperature and epitaxially stabilized o-phase on LSMO/STO(110) and 

LSMO/STO(111). Second, we explore the influence of Zr and La dopant concentration 

on the ferroelectricity (polarization, leakage, retention and endurance) of HfO2-based thin 

film. Third, to better understand the endurance and switching mechanism and further 

improve the capacitor properties, the HfO2-based thin films on different substrates with 

different ratio of m- and o-phases are systematically investigated.  
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Chapter 3. Experimental methods 

3.1 Thin films 

3.1.1 Targets 

The targets used in this thesis are prepared by solid state reaction. The process includes 

following steps: weighing the commercial oxide powders (above 99 % purity) based on 

the required element ratio, mixing the powder uniformly by mortar, compacting the 

powder into a pellet with pressure, and finally sintering in the furnace. After sintering, 

the targets will be checked by XRD to examine the composition. The list of the targets 

used in this thesis is shown in the Table 3.1. 

Table 3.1 Ceramic targets used in this thesis 

Targets Chemicals Composition 

HfO2 

HfO2 powder/ Alfa 

Aesar/ 99.95 % 

ZrO2 powder/ Alfa 

Aesar/ 99.978 % 

La2O3 powder/ Alfa 

Aesar/ 99.99 % 

100 mol % HfO2 

Hf0.75Zr0.25O2
* 75 mol % HfO2, 25 mol % ZrO2 

Hf0.5Zr0.5O2
* 50 mol % HfO2, 50 mol % ZrO2 

Hf0.25Zr0.75O2 25 mol % HfO2, 75 mol % ZrO2 

ZrO2 25 mol % ZrO2 

Hf0.99La0.01O2-x 99 mol % HfO2, 1 mol % LaO1.5 

Hf0.98La0.02O2-x 98 mol % HfO2, 2 mol % LaO1.5 

Hf0.95La0.05O2-x 95 mol % HfO2, 5 mol % LaO1.5 

Hf0.925La0.075O2-x 92.5 mol % HfO2, 7.5 mol % LaO1.5 

Hf0.9La0.1O2-x 90 mol % HfO2, 10 mol % LaO1.5 

Hf0.5Zr0.49La0.01O2-x 50 mol % HfO2, 49 mol % ZrO2, 1 mol % LaO1.5 

Hf0.5Zr0.48La0.02O2-x 50 mol % HfO2, 48 mol % ZrO2, 2 mol % LaO1.5 

Hf0.5Zr0.45La0.05O2-x 50 mol % HfO2, 45 mol % ZrO2, 5 mol % LaO1.5 

Hf0.5Zr0.4La0.1O2-x 50 mol % HfO2, 40 mol % ZrO2, 10 mol %LaO1.5 

Zr0.99La0.01O2-x 99 mol % ZrO2, 1 mol % LaO1.5 

Zr0.98La0.02O2-x 98 mol % ZrO2, 2 mol % LaO1.5 

Zr0.95La0.05O2-x 95 mol % ZrO2, 5 mol % LaO1.5 

Zr0.9La0.1O2-x 90 mol % ZrO2, 10 mol % LaO1.5 

*targets prepared by Dr. Jike Lyu 
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For example, when preparing the Hf0.5Zr0.49La0.01O2-x target, La2O3 powder needs to be 

dried at 1100°C with duration of 15h and then weighing the required powder at 300°C to 

avoid the absorption of water in the air. After mixing the powder uniformly and 

compacting the powder into a pellet under 7 tons with a duration of 20 min, finally the 

prepared pellet was sintered in the furnace, following the sintering process shown in 

Figure 3.1.1a. After cooling down to room temperature, the composition of the targets 

was checked by XRD, as shown in Figure 3.1.1b.  

 

Figure 3.1.1 (a) Temperature-time curves for sintering the targets. (b) XRD data of the target 

(Hf0.5Zr0.49La0.01O2-x) after sintering, the red dash line is the reference position from the PDF card 

of monoclinic HZO (04-002-5428). 

3.1.2 PLD 

The PLD setup used in this thesis is at the Institut de Ciencia de Materials de Barcelona 

(ICMAB). A photo and sketch of the PLD system is shown in Figure 3.1.2. The process 

to grow thin films using PLD system can be divided into three steps. First, a pulsed KrF 

excimer laser with wavelength λ = 248 nm and pulse width of 10-40 ns is focused on the 

target fixed on the platform in the vacuum chamber. The high energy generated from the 

laser will ablate the target surface and form plasma plume along the direction to the 

substrate. The plasma plume contains the stoichiometric composition of target material. 

The energy and energy density of the laser can be controlled by the masks and lens in the 

road of the laser. Second, plasma plume expands from the target to the substrate and 

through the gas atmosphere in between. The process needs less than 10 μs and can be 

affected by the background pressure. The third step is the thin film growth. After the 

plasma arrives the substrate, the nucleation, diffusion and growth processes happen. The 
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LSMO electrodes are deposited at a substrate temperature of 700 °C under 0.1 mbar of 

oxygen, a laser frequency of 5 Hz, and the temperature is controlled using a thermocouple 

inserted in the middle of the heater block. 

 

Figure 3.1.2 (a) PLD and sputtering systems at ICMAB, the insert image is the zoomed part of 

the PLD plasma. (b) Sketch of a PLD system. 

3.1.3 Sputtering 

 

Figure 3.1.3 Pt top contacts under optical microscopy for 20 μm diameter in circle on thin films. 

Direct current magnetron sputtering was used to fabricate top Pt electrode on the surface 

of the thin films, as shown in Figure 3.1.3. In the sputtering process, the Pt target is 

bombarded by the ionized Ar gas with pressure of 5 × 10-3 mbar, power of 10 W. A bias 

voltage accelerates the speed of ionized Ar, when it reaches the target surface, the target 

material is ejected and create plasma. The Pt plasma will be attracted towards the thin 

film at room temperature and condensate on the surface to form contacts for the electric 

measurement. The reason for the choosing of platinum is that it is a noble metal with 

chemical stability and high electrical conductivity.125 Arrays of Pt electrodes, typically of 
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circular shape around 20 μm in diameter, were prepared by using transmission electronic 

microscopy (TEM) grids as stencil masks. The Pt thickness, determined by sputtering 

time, is 20 nm. 

3.2 Structural characterization 

3.2.1 XRD 

X-ray diffraction (XRD) has been used to investigate the lattice parameter, phase 

composition, film thickness and epitaxial relationships of HfO2-based thin films. 

Diffraction follows the Bragg’s law, 2dsinθ = nλ, where d is the lattice distance, θ is the 

diffraction angle, λ is the wavelength of x-ray, n is the integer related to the plane index. 

Diffraction occurs at certain angles, for which there is constructive interference, when the 

path difference of two x-rays is equal to an integer number of the x-ray wavelength as 

shown in Figure 3.2.1a. Figure 3.2.1b shows the sketch of the angle system in the x-ray 

diffractometers. Three rotation angles (omega ω, phi φ, chi χ) are necessary to define the 

orientation of a sample in the diffractometer, which allows the detection of the planes that 

are not parallel to the substrate surface. In a typical four-circle diffractometer system, 

there is also a 2θ circle for the point detectors.  

 

Figure 3.2.1 (a) The schematic of Bragg’s law. (b) The sketch of geometry for a diffraction setup 

with three axes rotation and x-ray source and detector. (c) Sphere of the pole figure defined by 

spherical coordinates φ and χ and projection of the pole sphere. (d) Sketch of an asymmetric scan.  
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θ-2θ scan. The symmetric θ-2θ scan (also called ω-2θ scan) is the measurements with the 

x-ray source and detector rotating simultaneously along the sample surface. It is a direct 

measurement of the lattice planes parallel to the sample surface, namely, the out of plane 

crystal orientation of the thin films. Especially, high temperature XRD was performed for 

Hf1-xZrxO2 series samples. Temperature-dependent diffraction was done in air using an 

Anton Paar heater with a graphite dome on a high-brilliance (9 kW) X-ray diffractometer 

with high resolution (Rigaku SmartLab) equipped with a copper rotating anode and a 

Ge(220) monochromator with λCuKα1 = 1.54056 Å.  

Two-dimensional x-ray diffraction (2θ-χ frame). 2θ-χ frame is performed by two-

dimensional detector, which collects the information simultaneously from the θ-2θ and 

the χ direction. Different reflections are simultaneously detected, which allows multiple 

measurements in a short time, although the resolution is less than using a point detector. 

Pole figures. Sketches of the pole figure defined by spherical coordinates φ and χ and the 

projection of the pole sphere are shown in Figure 3.2.1c. When measuring the pole figures 

of the samples, the symmetric θ-2θ is fixed, and the tilt angle χ changes from 0 to 90 

degree, but for time-saving, only a specified region is measured, the sample is rotated 

along φ. φ scans can be extracted at certain χ angle. 

Reciprocal space mapping (RSM). As indicated in Figure 3.2.1d, the RSM is an 

asymmetric measurement, where the ω ≠ θ with offset angle ψ (the angle between the 

surface normal and the measured plane normal). It was used to determine the in-plane 

lattice parameters and strain states of the epitaxial films. This scan is usually around a 

certain range of the selected reflections. The area of reciprocal space can be mapped using 

the relationships: q∥= 1/d*sin(θ-ω) and q⊥= 1/d*cos(θ-ω). Where d is the lattice 

parameter of detected reflection. 2D contour map is usually used to show the measured 

intensity including diffraction peaks from the selected reflections and the area in the 

vicinity. It should be noted that the selected Bragg reflections should be asymmetric with 

respect to the surface normal to provide the in-plane and out-of-plane information of 

epitaxial films. 

In this thesis, Cu Kα radiation is used to study the crystal structure. The θ-2θ scan is 

performed by Siemens D5000 diffractometer and Bruker D8-Discover equipped with 

point detector. The 2θ-χ frame, pole figure and RSM mapping are measured by Bruker 

D8-Advance equipped with a 2D detector diffractometer. 
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3.2.2 AFM 

Atomic force microscopy (AFM) has been used to obtain topographic information of the 

thin films. A sketch of the AFM device is shown in Figure 3.2.2a. The nanometric tip 

connected with the AFM cantilever is used to sense the interaction with the sample 

surface. Because the interaction forces between the tip and the surface atoms (Figure 

3.2.2b), bending occurs in the AFM cantilever, which results in the shift of the reflected 

laser point on the 4 quadrant photodetector. With the collected information from the 

detector, the surface topography can be determined. The topographic information can be 

tested by contact or non-contact model. In this thesis, the non-contact model (dynamic 

mode) is utilized, and the tip oscillates in resonance frequency. The resolution along 

vertical and lateral direction is ~1Å and nanometer range, respectively. The 

measurements in this thesis were performed at ICMAB using Agilent 5100 AFM system 

equipped with silicon tips.  

 
Figure 3.2.2 (a) Schematics of an AFM device. (b) Interaction forces (Van del Waals) between 

the tips and surface atoms. 

3.2.3 STEM 

Microstructural characterization was done by scanning transmission electron microscopy 

(STEM) using a Nion UltraSTEM 200, operated at 200 kV and equipped with a 5th order 

Nion aberration corrector. JEOL ARM 200CF STEM with a cold field emission source, 

equipped with a CEOS aberration corrector was also used to character microstructure.  
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3.3 Electrical characterization 

Electrical characterizations including polarization loops, leakage current, endurance, 

retention, switching dynamics and neuromorphic behaviour are conducted by aixACCT 

TFAnalyser 2000 system. Dielectric properties are measured by impedance analyser 

(HP4192LF, Agilent Co.). 

3.3.1 Ferroelectric characterization 

The ferroelectric polarization-electric field (P-E) loops and the following electric 

characterizations are all done in top-bottom configuration, as indicated in Figure 3.3.1a. 

The voltage is applied to the top Pt electrode and the bottom electrode is grounded. There 

are two methods utilized in this thesis to measure ferroelectric P-E loops and remove the 

leakage current contribution.126 The first one is dynamic leakage current compensation 

(DLCC) model. In Figure 3.3.1b, the DLCC process includes two dynamic hysteresis 

measurement (DHM) with two different frequencies, f and f/2. The current responses are 

tested from the dark blue pulses. In DLCC, the leakage current is assumed to be 

independent of frequency and the displacement current is linearly dependent on the 

frequency. Then, the leakage contribution can be subtracted by fitting the current 

measured at the two indicated frequencies and subtracting the constant part. The second 

one is positive up negative down (PUND). After the write pulse, the first opposite positive 

pulse includes ferroelectric switching and the leakage current contribution. But the second 

pulse only includes the non-switching response, and then substrate the current from the 

pulse P by U, the ferroelectric response can be extracted. 

 

Figure 3.3.1 (a) Top-bottom configuration for the electric properties measurements. Voltage 

pulse train for the (b) DLCC and (c) PUND measurement. f is the applied pulse frequency and τ 

is the setting delay time between the pulses. 
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3.3.2 Leakage current 

The leakage current is the flowing current through the capacitor under external electric 

field and it is an important parameter to determine device reliability. To measure the 

leakage current, a step shaped voltage waveform is applied to the capacitor and each step 

with a duration of 2s. The leakage current is read from the 70%-90% of the step time to 

avoid the influence from other effects, such as capacitor charging and ferroelectric 

switching. 

3.3.3 Dielectric permittivity 

The dielectric permittivity accounts for the ability of the material to be polarized under 

electric field. In the present work, the value of the dielectric permittivity has been used to 

evaluate the presence of distinct phases in HfO2 films can not be disclosed by structural 

characterization. An excitation voltage of 0.3V at 50 kHz with top-bottom configuration 

is used to extract it. The dielectric permittivity (εr) can be extracted from capacitance (C) 

value using the C = ε0εrA/t relation, where ε0 is the vacuum dielectric constant, A is the 

electrode area, and t is the film thickness. εr-V loops have been measured by varying the 

applied voltage in a triangular way. 

3.3.4 Endurance and retention characterization 

Endurance is a critical feature for ferroelectric-based devices and it describes the ability 

of the material to preserve ferroelectricity under cycling. The measurement process is 

illustrated in Figure 3.3.2a. First, the pristine state is tested by DLCC with frequency of 

1 kHz. Second, bipolar pulses with frequency of 100 kHz are applied to the capacitor. 

After certain cycling numbers, the process stops and the capacitor is measured by DLCC 

model to monitor the remanent polarization. The above mentioned processes will be 

repeated until the memory window is less than the detection threshold due to fatigue or 

hard breakdown happens to the capacitor. In the context of the present thesis, fatigue 

refers to the reduction of switchable polarization down to the detection limit and device 

breakdown by the sudden increase of the device conductivity. 
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Figure 3.3.2 Voltage pulses used for (a) endurance and (b) retention measurements.  

Retention measurement is performed to describe the decay of polarization with time. A 

memory device with short retention will suffer failure because the polarization drops to 

the minimum value that can not be detected. The measurement pulses used in this thesis 

are shown in Figure 3.3.2b. First, a prepoling pulse with duration of 0.25ms is applied to 

the capacitor, and then leave the capacitor after the setting retention time or delay time. 

After that defined periods, the polarization is measured by the first red pulse. The 

following four pulses determine the absolute polarization value. The variation can be 

extracted which stands for the polarization loss of the prepoling state. The retention 

behaviour after different delay times can be tested by repeating the procedure. 

3.3.5 Switching dynamics and neuromorphic behavior characterization 

Switching dynamics. The pulse train used for switching dynamics is shown in Figure 

3.3.3a. Firstly, a pre-switching pulse is applied. This is long enough and its amplitude is 

well above coercive field to ensure polarization saturation. After, a 1st reading pulse is 

applied and the current is measured. The measured current only contains the non-

switchable contributions as the previous pre-switching pulse has already switched the 

polarization. Afterwards, a switching pulse is applied. During the application of this pulse, 

the current is not measured to reduce the time constant of the experimental set-up. The 

switching pulse duration w and write voltage (Vw) are varying among the experiments. 

Finally, during a 2nd reading pulse the current is measured which contains the switchable 
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and non-switchable contributions. From the subtraction of the measured current during 

1st reading pulse to the 2nd reading pulse, we obtain the switched polarization by the 

switching pulse polarization (P). Besides, the direct measurement of the switching 

current was performed by the application of the pulse train shown in Figure 3.3.3b using 

negative Vw. After prepoling, the pulse 1 results in ferroelectric switching current plus 

other contributions, and during the pulse 2 current only resulting from the other 

contributions is measured. Ferroelectric switching current is obtained from the 

subtraction of the current measured during pulse 2 to pulse 1. From the integration of the 

current through time, polarization is obtained. This latter method is more direct than the 

former one but with the disadvantage of having a larger set-up time constant due to current 

is being measured. 

 

Figure 3.3.3 (a) Sketch of the pulse train used to characterize the switching dynamics. (b) Direct 

measurement of the switching current, including the applied voltage and the measured current. 

Potentiation and depression. Ferroelectric-based devices with memristive characteristics 

allow mimicking the brain synapse for neuromorphic application.26,127 A principle 

behaviour is the potentiation and depression ability after short electric stimulation. 

Potentiation is related to the increase of conductance, and depression corresponds to the 

decrease of conductance. In this thesis, potentiation and depression characteristics of the 

polarization state128 of HfO2-base thin film are investigated using the pulse scheme 

indicated in Figure 3.3.4a. The applied pulses are 3V and -4V for potentiation and 

depression, respectively, with pulse duration of 50 ns. The method to check the change 

of polarization (ΔP) is similar to the pulse train used to characterize the switching 

dynamics (Figure 3.3.3a). For example, to measure the potentiation effect, first, a negative 

pulse has to be applied to ensure polarization saturation, and then apply reading pulse 1. 

Second, modulate the capacitor by potentiation pulses. After that, another reading pulse 

2 is applied. The difference between the two reading pulses is the change of the 
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polarization after potentiation stimulation. It has to be noted that the process to read the 

ΔP will change the polar state of the capacitor, which is different with the reading of 

resistance change.  

  

Figure 3.3.4 (a) Sketch of the pulse train for potentiation and depression. (b) The pulses (Vtotal) 

for the Spike-Timing-Dependent Plasticity applied on the top electrode by overlapping the pre 

and post-neurons. The Δt is 1 µs. 

Spike-Timing-Dependent Plasticity. Biological synapses connect different neurons and 

their conductivity can be modulated through their plasticity, which is associated with their 

learning and adaptation abilities. Spike-Timing-Dependent Plasticity (STDP) is the model 

that correlates the modulation of the synapse conductance (state) with the time difference 

between the firing of the pre- and post-neurons (Δt=tpre-tpost).
129 Based on this concept, 

generally, the transmission of the spikes should be independently on two electrodes of 

our capacitor, with pre-neuron on Pt electrode and post-neuron on bottom LSMO 

electrode. And it is necessary to control the pulses applied to the thin film with exact time 

difference Δt. To simplify the operation process in our set-up, an overlapped pulse from 

the pre- and post-neurons is directly applied to the top Pt electrode, and keeping the 

bottom electrode grounded.130 As shown in Figure 3.3.4b, the post-synaptic pulse is a 

reversed shape compared to the pre-synaptic pulse because it is applied to the top 

electrode. By overlapping the Vpre and Vpost, the Vtotal waveform is the final pulse applied 

to the top electrode with a certain time difference which determines the shape of the final 

spikes. The method to evaluate the spikes induced polarization change is the same as the 

pulse train used to characterize the switching dynamics (Figure 3.3.3a), replacing the 

switching pulse by the overlapped spike pulses. 
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Chapter 4. Tailored epitaxy of Hf0.5Zr0.5O2 

Exploration in the preparation, structure characterization and ferroelectricity of hafnium 

based film is enormous in polycrystalline films, while the progress in epitaxial films is 

limited. In order to tailor the epitaxy of hafnium film, we have applied three strategies. 

First, Hf0.5Zr0.5O2 films have been grown under lower oxidizing condition with inert Ar 

gas to decrease the PLD plasma energy when reducing the oxygen pressure in the 

deposition process. Optimized mixing Ar and O2 atmosphere allows increase of 

polarization around 50% respect films grown by conventional pulsed laser deposition. 

Second, we have investigated the effect of seed layer. Ultrathin HZO seed layer was 

grown on the bottom electrode to crystalize HZO film at lower deposition temperature. 

Third, we have found that orthorhombic phase can also be epitaxially stabilized on 

LSMO/STO(110) and LSMO/STO(111). The most relevant is the different orientations, 

and a high remanent polarization as high as 33 µC/cm2 with high endurance and good 

retention can be achieved on LSMO/STO(110). 
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4.1 Growth under low oxidizing conditions 

 

Abstract 

 

The ferroelectric phase of HfO2 is generally stabilized in polycrystalline films, which 

typically exhibit the highest polarization when deposited using low oxidizing conditions. 

In contrast, epitaxial film grown by pulsed laser deposition show low or suppressed 

polarization if low oxygen pressure is used. This degradation could be caused by the high 

energy of the PLD plasma when it expands towards the substrate under low pressure. We 

have carried out a systematic study of the epitaxial growth of Hf0.5Zr0.5O2 combining inert 

Ar gas with oxidizing O2 gas. This allows us controlling the oxidizing conditions (through 

O2 partial pressure) and the energy of the pulsed laser deposition plasma (through the 

total pressure of O2 and Ar). A pressure of Ar high enough to significantly reduce plasma 

energy and low enough O2 to reduce oxidation conditions is found to allow a large 

increase in ferroelectric polarization up to about 30 µC/cm2, representing an increase of 

around 50% respect films grown by conventional pulsed laser deposition. This simple 

growth process, with high impact in the development of ferroelectric HfO2, can be also 

beneficial in the growth of thin films of other materials by pulsed laser deposition.  

 

  



Chapter 4. Tailored epitaxy of Hf0.5Zr0.5O2 

 

33 
 

Introduction 

It is essential to optimize the deposition conditions for stabilization of ferroelectric 

orthorhombic phase in doped HfO2 films. Oxidizing condition is one of the key factors to 

stabilize the ferroelectric phase. It has been investigated that, when applying lower 

oxygen pressure condition to grow polycrystalline films, an increase of ferroelectric 

polarization happens in both chemical (atomic layer deposition) and physical (radio 

frequency magnetron sputtering) deposition techniques because of the higher 

concentration of oxygen vacancies.131,132 However, in epitaxial HZO films deposited by 

pulsed laser deposition, a lower oxidizing atmosphere suppresses the formation of 

orthorhombic phase,65 which could be caused by the high-energy plasma that is formed 

under low background pressure in the PLD chamber.133,134 The high-energy plasma can 

reduce the crystallization134,135 and even cause self-sputtering in the film.133,136,137 On the 

other hand, if the pressure is high enough to thermalize the PLD plasma, the crystallinity 

of the films also degrades.134 A method to reduce the plasma energy when using low 

oxygen pressure is introducing inert gas.138 In this work, we combined O2 and Ar as 

ambient gas to grow HZO films by PLD under low oxidation conditions and reduced 

plasma energy. This allows extending the growth window of epitaxial orthorhombic HZO 

to lower oxygen pressure. These films have higher amount of orthorhombic phase and 

larger polarization.  

4.1.1 Growth conditions 

HZO films were grown on SrTiO3(001) substrates buffered with a La0.67Sr0.33MnO3 

electrode of thickness 25 nm. HZO films were deposited at 800 °C under Ar/O2 

atmosphere. As indicated in Figure 4.1.1, three series of films were grown by varying the 

Ar pressure (PAr) with fixed O2 pressure (PO2) of 0.01 mbar, 0.05 mbar and 0.1 mbar, and 

four series varying PO2 with fixed PAr of 0 mbar, 0.05 mbar, 0.1 mbar and 0.2 mbar. HZO 

films were deposited with 800 laser pulses, and immediately after growth, the samples 

were cooled under 0.2 mbar of oxygen. 
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 Figure 4.1.1 In (a) the three series of films deposited at fixed PO2 are plotted using black squares 

(PO2 = 0.01 mbar), red circles (PO2 = 0.05 mbar), and blue up triangles (PO2 = 0.1 mbar). In (b) 

the four series of films deposited at fixed PAr are plotted using black squares (PAr = 0 mbar), red 

circles (PAr = 0.05 mbar), blue up triangles (PAr = 0.1 mbar), and green down triangles (PAr = 

0.2 mbar). 

XRD q-2q symmetric scans shows the reflections corresponding to the PO2 = 0.05 mbar, 

PAr = 0.05 mbar sample in Figure 4.1.2a. The peaks at 2q around 23° and 47° correspond 

to (001) and (002) reflections of STO substrate overlapped to LSMO electrode reflection. 

The peak at 2q around 30°, accompanied with Laue reflections, is the position of o(111) 

reflection. Pole figures confirm the epitaxial ordering of the orthorhombic phase (Figure 

4.1.2b-c). There are twelve poles from o-HZO(-111) reflection around 71° tilt angle, 

signaling the presence of four families of crystal variants, as reported for equivalent films 

grown under pure O2 atmosphere.28,65  

 

Figure 4.1.2 (a) XRD q-2q scans around the o-HZO(111) reflection of film deposited under PO2 

= 0.05 mbar and PAr = 0.05 mbar. (b) XRD pole figures of the same sample, around o-HZO(- 

111) and STO(111) reflections. (c) Corresponding -scans around o-HZO(-111) and STO(111). 
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Longer acquisition time has been applied to do XRD q-2q scans around the o-HZO(111) 

reflection to obtain clear Laue oscillation. Film thickness is estimated by Laue oscillation 

simulation according to the following equation.28 

𝐼(𝑄) =  (
sin (

𝑄𝑁𝑐
2 )

sin (
𝑄𝑐
2 )

)

2

 

where Q = 4sin(q)/ is the reciprocal space vector, N the number of unit cells along the 

out-of-plane direction and c the corresponding lattice parameter. Figure 4.1.3a shows the 

scans corresponding to films deposited under PO2 = 0.05 mbar and PAr = 0 mbar (left) and 

PAr = 0.2 mbar (right). Laue fringes are less evident in the film deposited with very high 

pressure (PO2 = 0.05 mbar and PAr = 0.2 mbar), and the o-HZO(111) peak is broaden, 

signaling that the film is thinner, which is a consequence of the scattering of Hf and Zr 

atoms by the higher pressure. Films deposited under fixed PO2 = 0.05 mbar present 

varying monotonic decrease of thickness with increasing Ar pressure, and similar 

dependence is observed in the other series. In summary, the thickness and growth rate are 

decreasing with increasing of the pressure in the PLD chamber, as shown in Figure 4.1.3b. 

  

Figure 4.1.3 (a) XRD q-2q scans around the o-HZO(111) reflection of films deposited under PO2 

= 0.05 mbar and the PAr pressure indicated in each panel.(b) Thickness (solid symbols, left axis) 

and growth rate (empty symbols, right axis) as a function of PAr for fixed PO2 = 0.01 mbar 

(squares), PO2 = 0.05 mbar (circles) and PO2 = 0.1 mbar (triangles). Thickness of the films was 

estimated by simulation of Laue oscillations. 
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4.1.2 Structural characterization 

 

Figure. 4.1.4 XRD q-2q scans of films deposited under mixed Ar/O2 ambient. (a) Fixed PO2 = 

0.01 mbar and varied PAr. (b) Fixed PAr = 0.05 mbar and varied PO2. (c) Fixed PAr = 0.1 mbar 

and varied PO2.  

Figure 4.1.4a shows XRD q-2q scans, measured around the o-HZO(111) reflection, of 

films deposited under fixed PO2 = 0.01 mbar and varied PAr. The film deposited without 

Ar, i.e. under pure PO2 = 0 mbar (black line), is not crystallized, in agreement with the 

reported growth window for conventional PLD.65 In contrast, the films deposited under 

mixed Ar/O2 ambient exhibit a diffraction peak at the position of the o-HZO(111) 

reflection (2q  30°) and a less intense peak at 2q  34° that can correspond to a {200} 

reflection of the monoclinic (m) phase. The intensity of the o-HZO(111) peak is low in 

the PAr = 0.01 mbar and 0.02 mbar samples (red and blue lines, respectively), and high in 

the PAr = 0.05 mbar and 0.1 mbar samples (green and purple lines, respectively). Laue 

oscillations around the o-HZO(111) peak are evident in the PAr = 0.1 mbar film. Higher 

Ar pressure (0.2 mbar, gold line) results in a less intense and broader o-HZO(111) peak. 

The width of the peak signals that the film is thinner, which is a consequence of the 

scattering of Hf and Zr atoms by the higher pressure (the dependence of the growth rate 

with the PAr is shown in Figure 4.1.3). In summary, Figure 4.1.4a shows that PAr = 0.05 - 

0.1 mbar is optimal to stabilize the orthorhombic phase with very low PO2 of 0.01 mbar. 

Next, we show in Figure 4.1.4b and Figure 4.1.4c the effect of PO2 when PAr is fixed to 

0.05 mbar and 0.1 mbar, respectively. In the PAr = 0.05 mbar series (Figure 4.1.4b), the 

oxygen pressure threshold for crystallization is around PO2 = 5×10-3 mbar (red line). The 

film grown under this PO2 partial pressure shows low intensity o-(111) and m-{200} peaks. 

The intensity of the o-(111) peak increases notably in films deposited under higher PO2, 

and Laue oscillations are evident in the PO2 = 0.02 and 0.05 mbar films. The PO2 = 0.1 

mbar film (gold line), which is thinner due to the reduced growth rate caused by plasma 
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scattering, also shows evident Laue fringes. In the PAr = 0.1 mbar series (Figure 4.1.4c), 

there is crystallization even in the film deposited without oxygen partial pressure. The 

XRD scan of the PO2 = 0 mbar film (black line) presents o-(111) and m-{200} diffraction 

peaks. The intensity of the o-(111) peak increases significantly in the film grown under 

PO2 = 2×10-3 mbar (red line), and it is very intense and accompanied of Laue fringes in 

the PO2 = 5×10-3 mbar (blue line) and 0.01 mbar (green line) films. The films deposited 

under higher PO2 are also orthorhombic, and a significant thickness decrease is observed 

in the PO2 = 0.1 mbar film (turquoise line).  

 

Figure 4.1.5 Intensity of the o-(111) reflection, normalized to that of the LSMO(002) peak, 

IHZO(111)/ILSMO(002), as a function of PO2 (a) and PAr (b). In (a) PAr is: 0 mbar (black squares), 0.05 

mbar (red circles), 0.1 mbar (blue up triangles), and 0.2 mbar (green down triangles). In (b) PO2 

is: 0.01 mbar (black squares), 0.05 mbar (red circles), and 0.1 mbar (blue up triangles). In (c) 

and (d), the normalized intensity of IHZO(111)/ILSMO(002),is normalized to the film thickness. 

The intensity of the o-(111) reflection allows to quantify the dependence of the amount 

of orthorhombic phase on the O2 and Ar partial pressure (Figure 4.1.5). IHZO(111)/ILSMO(002) 

increases with PO2 (Figure 4.1.5a), with little additional effect of the Ar pressure when 

PO2 is high. The crystallization is very low in films grown under a pressure of pure oxygen 

lower than 0.05 mbar, but in presence of additional Ar the stabilization of the 

orthorhombic phase is greatly enhanced. The dependence of IHZO(111)/ILSMO(002) on PAr 
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(Figure 4.1.5b) evidences that under high PAr pressure (0.1 or 0.2 mbar), the amount of 

orthorhombic phase only depends slightly on PO2. In brief, the Ar presence notably 

enhances the stabilization of the o-phase for low PO2 (up to about 0.05 mbar) and does 

not produce a great effect for higher PO2. The amount of orthorhombic phase is slightly 

underestimated in the films deposited under higher pressure due to their lower thickness, 

but the equivalent graphs normalized to the film thickness exhibit the same relation 

(Figure 4.1.5c-d). 

The out-of-plane lattice parameter associated with the HZO(111) reflection, dHZO(111), was 

determined from the XRD peak position. The dependences of dHZO(111) on PO2 and PAr are 

shown in Figure 4.1.6a and Figure 4.1.6b, respectively. The dHZO(111) value expands by 

decreasing PO2 (Figure 4.1.6a). On the other hand, dHZO(111) of films deposited at PO2 

below around 0.05 mbar depends on PAr, with dHZO(111) less expanded for higher Ar 

pressure. The effect of PAr is directly visualized in Figure 4.1.6b. The lattice parameter of 

the films deposited under PO2 = 0.01 mbar (black squares) decrease with increasing PAr 

up to PAr = 0.1 mbar. The plasma is thermalized for higher PAr and dHZO(111) does not 

change with PAr or PO2. To rationalize the intriguing dependence of dHZO(111) on PAr and 

PO2 shown in Figure 4.1.6, two causes of cell expansion have to be considered. On one 

hand, when PO2 is lower, a higher number of oxygen vacancies is expected to form in the 

film. On the other hand, other point defects can be formed if the PLD plasma has high 

energy, which happens when the total pressure, PAr + PO2, is low. Indeed, deposition under 

high-energy PLD plasma (low PAr and low PO2) reduces strongly the film crystallization 

(Figure 4.1.4 and Figure 4.1.5). Thus, high oxygen pressure is required to avoid film 

degradation if PAr is low. This implies that low oxidation conditions cannot be used to 

grow HfO2 films when HfO2 films are grown using pure O2 atmosphere. Thus, 

conventional PLD does not permit growth conditions closer to those that result in largest 

ferroelectric polarization when ALD or sputtering is used (low oxidizing conditions).139 

However, as demonstrated here, the use of inert Ar gas to reduce the PLD plasma energy 

allows the stabilization of the orthorhombic phase with PO2 around one order of 

magnitude lower (0.01 mbar) than the optimal pressure (0.1 mbar) in conventional PLD 

(Figure 4.1.5) and importantly reduce the number of defects (signaled by the d(111) 

expansion, Figure 4.1.6). 
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Figure 4.1.6 Out-of-plane lattice parameter, dHZO(111), as a function of PO2 (a) and PAr (b). In (a) 

PAr is: 0 mbar, 0.05 mbar (red circles), 0.1 mbar (blue up triangles), and 0.2 mbar (green down 

triangles). In (b) PO2 is: 0.01 mbar (black squares), 0.05 mbar (red circles), and 0.1 mbar (blue 

up triangles). 

4.1.3 Electrical characterization 

 

Figure 4.1.7 (a) Leakage current at 1 V as a function of PO2 for PAr = 0 mbar (black squares, 

data reported in ref. [65]), PAr = 0.05 mbar (red circles) and PAr = 0.1 mbar (blue triangles). In 

(b) Leakage current at 1 V as a function of PAr for PO2 = 0.01 mbar (black squares), 0.05 mbar 

(red circles), and 0.1 mbar (blue up triangles). 

Figure 4.1.7a shows the dependence of the leakage current at 1 V on PO2, for fixed PAr = 

0 mbar (black squares), PAr = 0.05 mbar (red circles) and PAr = 0.1 mbar (blue triangles). 

The leakage of the films deposited without Ar gas (PAr = 0 mbar) increases with PO2, from 

around 2×10-7 A/cm2 (PO2 = 0.01 mbar) to 3×10-4 A/cm2 (PO2 = 0.2 mbar).65 The films 
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deposited under mixed O2/Ar atmosphere and very low PO2 in the 2×10-3 - 0.01 mbar 

range are very insulating too, with leakage current about 2×10-7 A/cm2. In contrast, the 

film grown under high total pressure (PAr = 0.1 mbar and PO2 = 0.1 mbar) is much more 

conducting. The effect of the total pressure is evident in Fig. 4b, which shows the leakage 

current at 1V as a function of PAr for fixed PO2 = 0.01 mbar (black squares), PO2 = 0.05 

mbar (red circles) and PO2 = 0.1 mbar (blue triangles). The leakage current of the three 

PAr = 0.05 mbar samples is about 3×10-7 A/cm2, without significant effect of PO2. 

However, in the case of the samples grown under higher PAr, the leakage is very high 

when the total pressure (PAr + PO2) is about 0.2 mbar. Overall, Figure 4.1.7 indicates that 

a PLD plasma thermalized by high ambient pressure causes strong increase in the film 

conductivity, whereas oxygen vacancies are not the main cause of leakage. 

 

Figure 4.1.8 Ferroelectric polarization loops of the films grown (a) under fixed PAr = 0.05 mbar 

and varied PO2 and (b) under fixed PAr = 0.1 mbar and varied PO2. (c) Remanent polarization as 

a function of PO2, for fixed PAr = 0 mbar (black squares), PAr = 0.05 mbar (red circles), PAr = 0.1 

mbar (blue up triangles), and 0.2 mbar (green down triangle). (d) Color map of Pr as a function 

of PAr and PO2. The color map has been constructed after interpolating the data of panel (c) along 

the PAr and PO2 axis using cubic splines. 
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The ferroelectric polarization loops of the films grown under fixed PAr = 0.05 mbar and 

varied PO2 are shown in Figure 4.1.8a. The PO2 = 0.01 mbar and 0.02 mbar films have low 

remanant polarization of 8.3 and 17.1 µC/cm2, respectively. A slightly higher PO2, 0.05 

mbar, results in a high increase of polarization, with Pr = 32 µC/cm2. Further increase of 

PO2 does not influence greatly the polarization loops, and Pr of the PO2 = 0.1 mbar film is 

slightly lower, 30 µC/cm2. The loops of the series of films grown under fixed PAr = 0.1 

mbar are shown in Figure 4.1.8b. In agreement with the presence of the XRD o-HZO(111) 

reflection in the PO2 = 2×10-3 and PO2 = 5×10-3 mbar, these films exhibit hysteretic 

polarization loops, with Pr = 13.8 and 18.2 µC/cm2, respectively. Pr of films grown with 

higher PO2, being 27.8 µC/cm2 in the PO2 = 0.05 mbar film. The high leakage of the PO2 

=0.1 mbar film did not allow the measurement of a loop. The dependence of Pr on PO2 is 

summarized in Fig. 4.1.8c, for the fixed PAr = 0 mbar (black squares), PAr = 0.05 mbar 

(red circles), PAr = 0.1 mbar (blue up triangles) and PAr = 0.2 mbar (green down triangle). 

As described above, Pr in the PAr = 0.05 mbar and PAr = 0.1 mbar increases with PO2. The 

same PO2 dependence is observed in films grown using conventional PLD (PAr = 0 

mbar).65 Figure 4.1.8c evidences a huge increase in Pr in the films deposited under mixed 

Ar/O2 atmospheres. The highest Pr in the PAr = 0 mbar series is 20.5 µC/cm2 (PO2 = 0.1 

mbar film), while it is 32 µC/cm2 and 27.8 µC/cm2 in the PAr = 0.05 mbar and PAr = 0.1 

mbar series, in both cases in films grown under PO2 = 0.05 mbar. Deposition under higher 

PAr, 0.2 mbar, results in Pr reduction. A second benefit of using mixed Ar/O2 atmosphere 

is that films grown under very low PO2 (5×10-3 mbar in the PAr = 0.1 mbar series) show 

high ferroelectric polarization and, as shown in Fig. 4.1.7, low leakage, while PO2 above 

0.02 mbar is needed in conventional PLD. The color map of Pr as a function of PAr and 

PO2 (Figure 4.1.8d) evidences graphically that the optimal conditions to maximize Pr are 

PAr = 0.05 - 0.1 mbar and PO2 around 0.05 mbar. It has to be noted that the measured 

polarization corresponds to a projection of the ferroelectric dipoles, since the films are 

(111)-oriented. The highest measured Pr = 32 µC/cm2 corresponds to a polarization of 

about 55 µC/cm2, matching well with the value of spontaneous polarization calculated for 

ferroelectric HfO2.
140,141 

Conclusions 

In summary, in pulsed laser deposition of ferroelectric HfO2 films, a mixed atmosphere 

of Ar and O2 during growth is critical. Appropriate values of Ar and O2 pressures allow 

independent control of plasma energy and oxidation conditions during growth. In our 
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study, epitaxial Hf0.5Zr0.5O2(111) films deposited under mixed Ar/O2 ambient show low 

leakage current and have remanent polarization of about 30 µC/cm2, which represents a 

50% increase with respect to equivalent films grown by conventional pulsed laser 

deposition. Therefore, the simple addition of Ar gas during the growth of the film allows 

a large increase in ferroelectric polarization, the films probably having the intrinsic 

polarization of the orthorhombic phase. The new growth process will facilitate the 

development of epitaxial ferroelectric HfO2, and may be potentially useful in enhancing 

the properties of polycrystalline HfO2 and other functional oxide and nitride thin films 

grown by pulsed laser deposition. 
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4.2 Growth at low temperature using seed layer 

 

 

 

 

 

Abstract 

 

In polycrystalline HZO films, the choosing of suitable seed layer can control the 

microstructure and enhancing ferroelectricity. Here, we investigated the effect of seed 

layer in epitaxial films. Ultrathin HZO seed layer was grown on the bottom electrode to 

crystalize HZO film at lower deposition temperature. With seed layer, ferroelectric o-

phase can be stabilized as low as 550 °C, with ferroelectric polarization of 14 µC/cm2. 

Compared with the samples without seed layer, Pr value depends only moderately on the 

deposition temperature in the 650-750 °C range, and Pr is improved more than 30% 

respect films grown at the sample temperature without the seed layer. Films grown on 

seed layer exhibit less fatigue and improved endurance. 
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Introduction 

The optimized deposition temperature for obtaining high remanent polarization in 

epitaxial HZO films is around 800 °C.65 However, to get better endurance and retention, 

a lower deposition temperature is preferred.117 In polycrystalline HZO films, the choosing 

of suitable seed layer can control the crystalline quality and suppress the formation of 

non-polar phase, thus improving ferroelectricity.142–144 Therefore, we investigated the 

effect of seed layer on epitaxial films when growth the HZO films under lower 

temperature. The results indicate that inserting ultrathin HZO seed layer on the LSMO 

bottom electrode, HZO film can be crystalized at lower deposition temperature, and less 

fatigue and improved endurance can be achieved. 

4.2.1 Growth conditions 

 

Figure 4.2.1 (a) Sketch of the HZO films with 800 laser pulses deposited on LSMO under different 

temperature. (b) Sketch of the HZO films with 600 laser pulses deposited on seed layer (HZO film, 

200 pulses, 800 °C) under different temperature. (c) XRD q-2q scans around the o-HZO(111) 

reflection of films with seed layer deposited under 700 °C. Red line is the simulation of Laue 

oscillations. 

The effect of the substrate temperature was investigated in the thesis of Dr. Jike Lyu.65 

Figure 4.2.1a sketches the samples, HZO films deposited with 800 laser pulses at 

substrate temperature T in the 650-825 °C range. In Figure 4.2.1b, the films with seed 

layer, HZO film with 200 laser pulses at 800 °C, are sketched. HZO films with 600 laser 

pulses are grown on the seed layer with deposition temperature changing from 550 °C to 

800 °C. The total thickness of the HZO films, including the seed layer, confirmed by Laue 

simulation (Figure 4.2.1c) is around 8.9 nm.  
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4.2.2 Structural characterization 

XRD θ-2θ scans of the samples with seed layer are shown in Figure 4.2.2. It can be seen 

that the reflections around 23° and 47° are related to (001) and (002) peaks of LSMO/STO, 

and the peaks at 2θ around 30° are corresponding to the position of orthorhombic (111) 

reflection in epitaxial HZO film. A zoomed region around o(111) reflections, with longer 

acquisition time, are indicated in the right panel. From bottom to top, the deposition 

temperature of the film on the seed layer increases from 550 to 800 °C with step of 50 °C. 

Low intensity peaks at 2θ around 28.5° and 34.5°, corresponding to m(-111) and m(002), 

respectively, can be observed in some samples. The m(-111) reflection is present in the 

samples deposited at 550 °C and 600 °C, and with deposition temperature increase, the 

peak disappears and Laue oscillations are more evident. Meanwhile, the position of the 

o(111) peak gradually shifts to higher 2θ angle.  

 

Figure. 4.2.2 XRD q-2q scans of films deposited under different temperature on seed layers. The 

right panel shows zoomed scans around the HZO (111) reflection acquired with a longer time. 

The intensity of the o-(111) reflection allows to quantify the dependence of the amount 

of o-phase on the deposition temperature (Figure 4.2.3a). In the samples with seed layer 

(red triangles), IHZO(111)/ILSMO(002) is nearly constant in the lower temperature range of 550 

to 700 °C, but increases under higher deposition temperature (700-800 °C). Compared 

with the samples without seed layer,65 the intensity of o-(111) reflection is significantly 

enhanced in the lower deposition temperature range, indicating the promotion of 

stabilizing o-phase using seed layer. While in the higher temperature range, the intensity 

is similar under both conditions. The out-of-plane (oop) lattice parameter of o-HZO(111), 

do-HZO(111), is plotted in Figure 4.2.3b as a function of the deposition temperature. It can 
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be seen that no matter the samples with or without seed layer, the oop parameter decreases 

monotonously with temperature increase. It is also noted that the difference of the do-

HZO(111) value is small under both conditions. 

 

Figure 4.2.3 (a) Intensity of the o-(111) reflection, normalized to that of the LSMO(002) peak, 

IHZO(111)/ILSMO(002), as a function of deposition temperature. (b) Out-of-plane lattice parameter, 

dHZO(111), as a function of deposition temperature. In the figures, the red triangles are the films 

with seed layer, and the black squares are the films without seed layer. 

4.2.3 Electrical characterization 

Ferroelectric hysteresis loops are evident in all of the samples prepared at different 

deposition temperature (Figure 4.2.4a). From the ferroelectric polarization loops, the Pr 

and Vc values are extracted and plotted as a function of temperature in Figures 4.2.4b-c, 

respectively. It can be seen that in the samples with seed layer Pr increases with deposition 

temperature from around 14 µC/cm2 at 550 °C to 21 µC/cm2 at 800 °C. Similar tendency 

can be observed in the sample without seed layer, although with reduced polarization for 

the same deposition temperature.65 The Pr value is greatly improved in the films deposited 

at lower temperature range of 650-750 °C, when using seed layer. The improvement of 

Pr value is more than 30%. Moreover, the Pr of samples deposited at 550 °C and 600 °C 

with seed layer is comparable with that of the samples deposited at 650 °C without seed 

layer. In contrast, the variation of coercive field depending on the growth temperature is 

moderate in the samples with seed layer (Figure 4.2.4c). The coercive field is 2.22 V at 

550 °C and slightly increases to 2.4 V at 750 °C, and reaches up to 2.7 V at 800 °C. 
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Figure 4.2.4 (a) Ferroelectric polarization loops of the films deposited at different temperature 

on the seed layer. (b) Remanent polarization versus deposition temperature of films with and 

without seed layer. (c) Coercive field versus deposition temperature of films with and without 

seed layer. In the figures, the red triangles are the films with seed layer, and the black squares 

are the films without seed layer. 

Figure 4.2.5a shows representative polarization loops during the endurance measurement 

with poling voltage of 4.5 V of the film deposited at 550 °C. Memory window is 

2Pr = 13.1 μC/cm2 in the pristine state, and remarkably, it is 12.5 μC/cm2 after 105 cycles 

with nearly no degradation. Further cycling induces fatigue, and 2Pr reduces 

to 2.7 μC/cm2 after 109 cycles. Fatigue is more evident in film deposited at 800 °C, in 

which 2Pr decreases from 31 μC/cm2 to 20 μC/cm2 after 103 cycles, and drops to 7.2 

μC/cm2 after 107 cycles (Figure 4.2.5b). The effect of deposition temperature on fatigue 

is summarized in Figure 4.2.5c, where the dependence of the normalized Pr with the 

number of cycles is plotted for all samples (solid lines are collected from the samples with 

seed layer, and dashed lines correspond to data reported in reference [117] for samples 

without seed layer). It can be observed that in the samples with seed layer, Pr reduces 

more with cycling as deposition temperature increases from 550 °C (72% after 107 cycles) 

to 800 °C (23% after 107 cycles), which is consistent with the tendency reported for 

samples without seed layer.117 However, the samples with seed layer have significantly 
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lower fatigue when deposited at lower temperature. Endurance increases from 107 cycles 

(750 °C and 800 °C) to 5 107 cycles (650 °C and 700 °C) to 109 cycles (550 °C and 600 °C) 

with deposition temperature decrease. Endurance was limited by hard breakdown 

(marked by open symbols in Figure 4.2.5c). 

 

Figure 4.2.5 Ferroelectric hysteresis loops, measured in the pristine state and after the indicated 

number of cycles, for films deposited at (a) 550 °C and (b) 800 °C on the seed layer. Variation 

with the number of cycles of Pr normalized to its pristine value, of films deposited at variable 

temperature. The solid lines correspond to the samples with seed layer. The dashed lines 

correspond to samples without seed layer  [117]. Open symbols indicate hard breakdown. 

Conclusions 

In summary, the use of a seed layer allows the stabilization of the ferroelectric phase in 

HZO films at low deposition temperature, even at the lower temperature used in this 

staudy, 550 °C. Compared with the samples without seed layer, Pr value is improved more 

than 30% in films deposited in the temperature range of 650-750 °C. Ferroelectric 

polarization of 14 µC/cm2 can be obtained at low deposition temperature of 550 °C, and 
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films deposited at low temperature exhibit less fatigue and enhanced endurance respect 

to films grown at high temperature. 
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4.3 Growth on SrTiO3(110) 

 

 

 

 

Abstract 

 

The growth of epitaxial Hf0.5Zr0.5O2 (HZO) thin films on La0.67Sr0.33MnO3 (LSMO) 

buffered (001)-oriented SrTiO3 (STO) has achieved robust ferroelectricity by stabilizing 

(111)-oriented orthorhombic phase. Here, we demonstrate that orthorhombic phase can 

also be epitaxially stabilized on LSMO/STO(110), presenting the same out-of-plane (111) 

orientation but a different distribution of in-plane crystalline domains. The remanent 

polarization of 7nm HZO film on LSMO/STO(110) is 33 µC/cm2, which improves 50% 

compared to equivalent films on LSMO/STO(001). Comparatively, HZO on 

LSMO/STO(110) shows higher endurance up to 4 × 1010 cycles with retention more than 

10 years.  These results demonstrate that tuning epitaxial growth of ferroelectric HfO2, 

here by using STO(110) substrates, allows improving functional  properties of relevance 

for memory applications. 
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Introduction 

It was demonstrated, by using different substrates, that epitaxial stress is critical for the 

stabilization of ferroelectric o-phase in HfO2-based thin film.14 Because of the fluorite 

structural difference between HfO2 and perovskite substrates, epitaxy occurs by domain 

matching epitaxy mechanism.118 This impedes using lattice mismatch to engineer lattice 

strain. On the other hand, o-phase can be grown on LSMO and other La-doped 

manganites, but not on other popular oxide electrodes such as SrRuO3, LaNiO3 or 

La:BaSnO3.
119 These facts limit the possibilities of controlling the ferroelectricity of 

epitaxial HfO2 films. Aiming to open new ways of tailoring, we have investigated the 

growth of HZO films on STO(110) substrates buffered with (110)-oriented LSMO 

electrodes, as an alternative to the used STO(001) substrates. The films are epitaxial and 

(111)-oriented like equivalent films on STO (001), but they present a different set of in-

plane crystal variants. A high remanent polarization as high as 33 µC/cm2 with high 

endurance and good retention. 

4.3.1 Growth conditions 

HZO films were grown simultaneously on LSMO buffered STO(001) and STO(110) 

substrates. Growth conditions were Ts=800 °C, 0.1 mbar of pure O2, and 600 laser pulses. 

After deposition, XRD q-2q scans around the o-HZO(111) reflection were measured, as 

indicated in Figure 4.3.1a. The peaks at 2q around 23°,  33° and 47° correspond to (001), 

(110) and (002) reflections of STO substrates with the corresponding LSMO reflections 

at the right of the substrate peaks. The peaks at 2q around 30° is the place where o(111) 

reflection is located. A longer time scan around this peak is shown in Figure 4.3.1b. By 

comparing the two films, it can be observed that the out-of-plane interplanar spacing of 

film on STO(110) is do(111) = 2.946 Å, which is slightly lower than that of the film on 

STO(001) with do(111)  value of 2.972 Å. The low intensity peaks around o(111) reflections 

are Laue oscillations. By fitting the Laue fringes, the film thickness is identified around 

6.5 nm (Figure 4.3.1c-d). Atomic force microscopy measurement confirms that the film 

of STO(110) is very flat, with root mean square roughness of 0.25 nm (Figure 4.3.1e), 

which is comparable to the films on STO(001).65 
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Figure 4.3.1 (a) XRD q-2q scan of the HZO/LSMO/STO(001) (black line) and 

HZO/LSMO/STO(110) (red line) samples. (b) Zoomed scans, recorded with longer time, around 

the o-HZO(111) reflection. (c) and (d) are the simulations of Laue oscillations (red curves). (e) 

Topographic AFM image of a 5 µm × 5 µm region of the HZO/LSMO/STO(110) sample. The 

inset at the bottom left shows the image of a 1 µm × 1 µm region. 

4.3.2 Structural characterization 

Epitaxy has been studied by XRD using a 2D detector. Figure 4.3.2a shows the reciprocal 

space map (RSM) around the asymmetric STO{111} reflections for the 

HZO/LSMO/STO(001) sample. The map was obtained from ϕ-scans with a 2D detector, 

recorded at ϕ angles ranging from 0° to 360°, with a step Δϕ = 1°. Apart from the 

STO{111} spot, the integrated frame shows the presence of a spot that corresponds to o-

{11-1} reflections (Qx = 0.316 Å-1, Qz = 0.109 Å-1) and a lower intensity spot of o-{200} 

reflections (Qx = 0.316 Å-1, Qz = 0.224 Å-1). The presence of both spots at the same ϕ is 

due to 180° twinning. The diffraction spots of o-phase (dashed rectangle in Figure 4.3.2a) 

can be observed at specific ϕ angles (Figure 4.3.2b). The 12 spots, 30° apart, are 

corresponding to both o-{11-1} and o-{200} reflections. The pole figure of o-{11-1} 

reflections is shown in Figure 4.3.2c. It can be seen that the presence of four families 

(colored triangles) of in-plane crystal variant consequences of the epitaxy of o-HZO(111) 
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(3-fold symmetry surface) on LSMO/STO(001) (4-fold symmetry surface).118 Similar 

measurements has been done for HZO/LSMO/STO(110) sample, in Figure 4.3.2d-f. 

Around the asymmetric STO{011} reflections, there are o-{11-1} (Qx = 0.313 Å-1, Qz = 

0.115 Å-1) and o-HZO{200} reflections (Qx = 0.313 Å-1, Qz = 0.225 Å-1). In the Qz - ϕ 

map, the 12 spots are distributed in 6 sets of 2 spots, each set is about 60° apart and the 

two spots in each set are 8.5° apart. The pole figure indicates that there are four HZO 

crystal domains, corresponding to the following epitaxial relationships: [-

211]HZO(111)//[-112]STO(110), [-211]HZO (111)//[1-12]STO(110), [2-1-

1]HZO(111)//[-112]STO(110), and [2-1-1]HZO(111)//[1-12]STO(110). 

 

Figure 4.3.2 (a,d) RSM obtained from processing 2D pole figure frames. Qz is the perpendicular 

component and Qx is parallel to the in-plane direction at a specific  angle. The vertical dotted 

line indicates the position in Qx (0.314 ± 0.005 Å-1) that was used to plot in (b,e) the integrated 

intensity versus . The yellow arrows indicate the  position of the RSM in (a,d). (c,f) Pole figures 

corresponding to the o-{11-1} planes integrated c = 71 ± 7° and 2q = 27-33°. The triangles are 

guides to the eye to indicate the four crystallographic o-{111} domains. Panels (a-c) and (d-f) 

correspond to measurements of HZO/LSMO/STO(001) and HZO/LSMO/STO(110), respectively. 

Figure 4.3.3 indicates the STEM characterization of film on STO(110) substrate. It can 

be observed that orthorhombic phase with different crystal variants is stabilized on 

LSMO(110). The vertical yellow arrows mark the position of boundaries between 

different grains. And the HZO film on LSMO/STO(110) is almost purely o-phase, which 

is remarkable because the coexisting of o and m-phase in film on LSMO/ STO(001).14 

The dashed yellow line marked area is enlarged in Figure 4.3.3b. High crystalline quality 
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of HZO and a well-defined (semi) coherent HZO/LSMO interface are present. At the 

interface, the LSMO(110) and HZO(111) unit cells does not directly matches with each 

other, following domain matching epitaxy.118 Finally, we note that HZO is (111) oriented 

on both LSMO(001) and LSMO(110) surfaces. This suggests the relevance of the surface 

energy contribution in addition to the interface energy. 

 

Figure 4.3.3 (a) Cross-sectional contrast inverted annular bright field image showing, from 

bottom to top, the STO(110) substrate, the LSMO(110) electrode and the HZO(111) film. The 

location of the (coherent) boundaries between mirror-like in-plane crystallographic variants are 

indicated by yellow arrows at the top of the image. (b) Zoomed region showing two orthorhombic 

HZO grains and part of the LSMO electrode. (b) has been extracted from the area marked with 

yellow dashed line in (a). 

4.1.3 Electrical characterization 

 

Figure 4.3.4 (a) Current-voltage curves of HZO/LSMO/STO(001) (black line) and 

HZO/LSMO/STO(110) (red line) samples, measured in the pristine state. (b) Corresponding 

polarization loops. 
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Figure 4.3.4 shows the current - voltage curves and corresponding polarization loops of 

HZO films on LSMO/STO(001) and LSMO/STO(110). The switching peaks confirms 

the ferroelectricity in both films. In the film on STO (001) (black line in Figure 4.3.4a-b), 

the position of two current peaks is -2.7 and 1.8 V, indicating average coercive field of 

3.4 MV/cm and internal field (1.3 MV/cm) pointing down to LSMO electrode. The 

corresponding polarization loop is well saturated and the remanent polarization is 22 

µC/cm2. In the film on STO (110) (red line in Figure 4.3.4a-b), the position of two current 

peaks is -2.3 and 1.9 V, indicating average coercive field of 3.2 MV/cm and similarly, 

internal field (0.6 MV/cm) pointing down to LSMO electrode. Remarkably, the remanent 

polarization is 33 µC/cm2, which is 50% higher than the equivalent epitaxial film grown 

simultaneously on STO(001). The larger Pr value is likely related to the higher amount 

of o-phase in the film. STEM characterization has shown that it is almost pure 

orthorhombic (Figure 4.3.3), while films on LSMO/STO(001) present an important 

amount of parasitic monoclinic phase.14 In theory, the predicted Pr value of [001]- 

oriented o-phase is 52-55 µC/cm2,140,141 from which the projected polarization along the 

[111] direction of a pure o-phase film would be around 31 µC/cm2, which is similar to 

the measured Pr in film on STO(110).  

 

Figure 4.3.5 (a) Endurance (solid symbols) and current leakage as a function of the number of 

cycles (empty symbols) of the HZO/LSMO/STO(001) sample cycled by 3.5 V (blue symbols) and 

3 V (green symbols). (b) Endurance (solid symbols) and current leakage as a function of the 

number of cycles (empty symbols) of the HZO/LSMO/STO(110) sample cycled by 3.5 V (black 

symbols) and 3 V (red symbols). 

Figure 4.3.5 shows the endurance measurements of the films. The film on STO(001) 

(Figure 4.3.5a), cycled with voltage pulses of 3.5 V (solid blue circles), indicates initial 
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101 103 105 107 109 1011
0

10

20

30

40

50

2
P

r 
(m

C
/c

m
2
)

Number of cycles

 3.5 V

 3 V

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

C
u

rr
e

n
t 

d
e

n
s
it
y
@

1
V

 (
A

/c
m

2
)

(a) (b) STO(110)STO(001)

101 103 105 107 109 1011
0

10

20

30

2
P

r 
(m

C
/c

m
2
)

Number of cycles

 3.5V

 3V

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

C
u

rr
e

n
t 

d
e

n
s
it
y
@

1
V

 (
A

/c
m

2
)



Chapter 4. Tailored epitaxy of Hf0.5Zr0.5O2 

 

56 
 

polarization value does not change significantly, but further cycling causes severe fatigue. 

The measurement was stopped when the polarization was as low as 2Pr = 3.3 µC/cm2 

after 4×109 cycles. The corresponding leakage current (empty blue circles) during cycling 

is constant up to 107 cycles, but increasing dramatically with additional cycles. The 

endurance test at lower voltage, 3V, presents a similar dependence. With a smaller initial 

memory window, the fatigue after 105 cycles is less pronounced and the capacitor can be 

cycled up to 1010 cycles (the test was stopped due to the low 2Pr of 3 µC/cm2) without 

breakdown. The leakage current (open green diamonds) is constant during the test. The 

parallel measurement of film on STO(110) is shown in Figure 4.3.5b. At 3.5 V, the initial 

memory window is 47 µC/cm2, and it decreases slightly from the first cycle, being more 

severe after 105 cycles. The hard breakdown happens after 2×109 cycles, which is likely 

due to the high leakage current after cycling (open black squares). To avoid breakdown, 

lower voltage of 3V is applied to cycling the sample. The 2Pr is 30 µC/cm2 in the pristine 

state which is even greater than that of the film on STO(001) at 3.5V. Similar evolution 

of polarization after cycling can be observed, but in this case, the endurance is up to 

4×1010 cycles without breakdown and the measurement is stopped when 2Pr decreases to 

4  µC/cm2. The robustness against breakdown is probably because the leakage current 

(open red triangles), contrary to what is observed for 3.5 V cycling voltage, does not 

increase significantly while cycling.  

 

Figure 4.3.6 Polarization retention measurements at 85 °C of the HZO/LSMO/STO(110) for 

positive and negative poling of 3 V. Lines are fits Pr = P0·d
n. 

Figure 4.3.6 indicates the retention of the film on STO(110) at 85°C with poling voltage 

of 3V, the same voltage used for getting high endurance in Figure 4.3.5b. Dashed red 

lines are fits to Pr = P0·d
n, where d is the delay time and n a fitting parameter.145 The 
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vertical black dashed line indicates a 10 years’ time. It can be seen that the extrapolated 

remanent polarization is still high after 10 years for both positive (solid triangles) and 

negative poling (empty triangles) at 3 V. Therefore, the film shows high polarization 

(2Pr= 30 µC/cm2), endurance (4×1010 cycles) and retention (more than 10 years) under 

the same poling voltage.  

Conclusions 

In summary, the stabilization of epitaxial HZO film on LSMO/STO(001) can also be 

achieved on LSMO/STO(110). o-HZO films are (111) oriented and have in-plane crystal 

variants on both substrates, but the variants have different angular distribution. The 

application of STO(110) substrate increases the ferroelectric polarization up to 30 µC/cm2, 

which is 50% higher than that of the film on STO(001). Meanwhile, the high polarization 

is accompanied by a long endurance (4×1010 cycles) and good retention extrapolated to 

more than 10 years under the same poling voltage. 
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4.4 Growth on SrTiO3(111) 

 

 

 

 

 

 

Abstract 

 

The growth of epitaxial Hf0.5Zr0.5O2 (HZO) thin films on La0.67Sr0.33MnO3 (LSMO) 

buffered (001) and (110)-oriented SrTiO3 (STO) has achieved robust ferroelectricity by 

stabilizing (111)-oriented orthorhombic phase. Here, we explored the deposition of HZO 

film on LSMO/STO(111). The results show that o-phase is stabilized by tilted epitaxy, and 

the orientation of orthorhombic crystallites is different from that of equivalent films on 

STO(001) and STO(110). Remanent polarization around 14 μC/cm2 agrees well with the 

expected value considering the crystal orientation, the fraction of the o-phase in the film, 

and the predicted polarization of ferroelectric HfO2. Endurance and retention are also 

measured. 
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Introduction 

As shown in chapter 4.3, the HZO films can be epitaxially stabilized on (001) and (110) 

oriented LSMO by tailoring with (001) and (110) oriented STO substrates. The formed 

o-phase is (111) oriented on both substrates, but with different in-plane orientations. 

Different with STO(001) and STO(110) substrates, STO(111) substrate with 3-fold in-

plane symmetry could result in different orientation of o-phase and pave the way towards 

the epitaxial integration of ferroelectric HfO2-based thin films on other substrates. In this 

section, we have deposited HZO film on LSMO(111)/SrTiO3(111) to determine if 

ferroelectric o-phase can be epitaxially stabilized on (111) oriented LSMO. The results 

reveal the existence of three families of orthorhombic crystal variants with an 

orthorhombic HZO[001] axis tilted by about 24°, 66° and 90° with respect to the plane-

normal direction of the film. Pr of about 14 μC/cm2, an endurance of up to 108 cycles and 

a retention of more than 10 years can be obtained. 

4.4.1 Growth conditions 

HZO and LSMO films were grown in a single process on (111)-oriented STO substrates 

by PLD. The thicknesses of the HZO and LSMO films were around 6 and 22 nm, 

respectively. The corresponding deposition parameters of HZO were 2 Hz, 800 °C and 

0.1 mbar. At the end of the deposition, the oxygen pressure was increased to 0.2 mbar 

and the heater was switched off. More details of sample preparation can be found in 

chapter 3. 

4.4.2 Structural characterization 

Figure 4.4.1a shows the XRD θ-2θ scan. LSMO(111) and STO(111) diffraction peaks are 

observed at 2θ around 40°, but no HZO reflections. Wider regions of the reciprocal space 

were explored using a 2D detector. Figure 4.4.1b shows the ψ-2θ map obtained by 

summing single ψ–2θ maps recorded at ϕ = 90 ± 4°, with an interval of Δϕ = 1°. Besides 

the STO(011) peak at 2θ = 32.3° and ψ = 35.3°, two weaker spots belonging to 

orthorhombic HZO can be identified. They correspond to HZO(111) (2θ ∼ 30.0°, ψ ∼ 

40.0°) and HZO(002) (2θ ∼ 34.8°, ψ ∼ 24.8°) reflections. Reflections corresponding to 

the monoclinic phase of HZO are not detected due to the limited sensitivity of the 

laboratory diffractometer.  
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Figure 4.4.1 (a) XRD symmetric θ-2θ scan measured using a 1D detector. (b) 2θ-ψ map around 

the asymmetric STO(011), orthorhombic HZO(111) and orthorhombic HZO(002) reflections. The 

map is a summing intensity of a set of maps measured using a 2D detector and recorded in a 

range of ϕ = ± 4°, with Δϕ = 1°. (c and d) Pole figures around the HZO(002) and (d) HZO(111) 

diffraction spots. The corresponding phi scans are plotted in (e) with the region around ϕ = 115° 

magnified. The intensity scale is logarithmic. 

The pole figures from orthorhombic HZO(111) and HZO(002) reflections and the 

corresponding integrated ϕ scans are shown in Figure 4.4.1c-e. There are three STO(011) 

substrate reflections, 120° apart with each other. HZO(002) reflections are found at the 

same ϕ position as the substrate peaks, while each HZO(111) reflection is split in two 

peaks at about 5° apart.  Analysis of the pole figures points to the orientation of the HZO 

film close to (012). Considering a cell (for simplicity cubic) with the out-of-plane 

HZO(012) orientation, the corresponding HZO(002) planes are at ψ = 26° and ϕ = 0°, 

while HZO(111) planes are at ψ = 39° and ϕ = ± 114°, leading to a ϕ splitting of HZO(111) 

20 25 30 35 40 45 50
100

101

102

103

104

105

106

107

In
te

n
s
it
y
 (

a
.u

.)

2q (°)

L
S

M
O

(1
1
1
)

S
T

O
(1

1
1
)

0 60 120 180 240 300 360 100 120

In
te

n
s
it
y
 (

a
. 
u
.)

j (º) j (º)

HZO(111)

HZO(002)

STO(011)

STO(011)

(a) (b)

(c) (d)

(e)

25 30 35 40
20

25

30

35

40

45

50

2q (º)

y
 (

º)

HZO(111)

HZO(002)

STO(011)

j=0ºj=0º

HZO(111)

HZO(002)

STO(011)



Chapter 4. Tailored epitaxy of Hf0.5Zr0.5O2 

 

61 
 

of around ± 6°. The broad peaks observed for HZO(111) and HZO(002) point to a certain 

mosaicity both the in-plane and out-of-plane. Nevertheless, the observed peaks are 

compatible with the existence of 3 distinct crystal domains with an epitaxial relationship 

[0 1]HZO(012)//[ 11]STO(111). Due to the very low intensity of HZO(012) reflections 

and the nanometric thickness of the HZO film (6 nm), no HZO diffraction peaks are 

detected in the symmetric XRD scan. 

The topographic AFM image of a 5 μm × 5 μm region (Figure 4.4.2) shows that the 

surface of the film is very flat, with a root mean square roughness of 0.17 nm. The 

maximum height variation in the profile across the marked dashed blue line is less than 1 

nm. The detailed view of Figure 4.4.2a reveals the morphology of terraces and steps, 

which can also be appreciated in the zoomed 1 μm × 1 μm region (Figure 4.4.2b). 

 

Figure 4.4.2 (a) Topographic AFM image of the 5 μm × 5 μm scanned region, with a height 

profile along the horizontal dashed line. (b) Topographic AFM image of the 1 μm × 1 μm scanned 

region. 

To further identify the phase formed in the HZO film and epitaxy orientation, the sample 

was characterized by STEM. Figure 4.2.3 shows cross-sectional HAADF images, 

observed along the [01 ] zone axis (corresponding to the [111]/[ 11] observation plane). 

Given the 3-fold symmetry of the LSMO/STO(111) surface planes, HZO epitaxial 

crystallites have the same probability of growing along the three equivalent in-plane 

directions (120° apart). The latter, given the epitaxial relationship between HZO and 

LSMO/STO(111), entails that only 1/3 of the crystallites can be observed simultaneously 

by STEM, while the other 2/3 of grains will be off-axis. This is compatible with the 

observations shown in Figure 4.4.3: those crystallites belonging to the 1/3 group are 

appropriately oriented for the STEM observation and show well-defined cation atomic 

columns, which allows the epitaxial relationship between the orthorhombic HZO 

crystallites and LSMO/STO(111) to be identified. On the other hand, those crystallites 
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belonging to the other crystal variants are not appropriately oriented for the STEM 

observation and the atomic column resolution is lost; instead, atomic planes are resolved. 

Three different atomic-column cation patterns can be discerned in the well-oriented 

orthorhombic HZO crystallites, with projection onto planes b-c, a-c and a-b, as shown in 

Figure 4.4.3b-d.  In every case, the orthorhombic HZO unit cell is found oriented with 

one <001> direction tilted by about 24° with respect to the out-of-plane direction, while 

the other directions have angles of about 66° and 90°. Note that these three variants are 

equivalent in a cubic, non-polar cell, but for an orthorhombic cell, the polar axis c has a 

different orientation in each of them. The similarity of the three orthorhombic lattice 

parameters (a = 5.234 Å, b = 5.010 Å, and c = 5.043 Å)146 may allow the coexistence of 

these three crystal variants, each associated with a specific orientation of the polar c axis. 

Specifically, c is observed to lay at 24° (biggest out-of-plane polarization 

component, Figure 4.4.3b), 66° (intermediate polarization component, Figure 4.4.3c) or 

in the plane (90°, null out-of-plane polarization component, Figure 4.4.3d) with respect 

to the plane-normal direction in three different grains. Therefore, each kind of grain is 

expected to contribute differently to the macroscopic polarization measured in the 

capacitor-like devices. 

In addition to the polar tilted orthorhombic HZO(001), the non-polar monoclinic phase is 

also observed. Like the orthorhombic phase, the monoclinic phase presents the [001] 

direction tilted by about 24° away from the plane-normal direction. A zoomed monoclinic 

grain and comparison with model is shown in Figure 4.4.3e. Interestingly, the coexistence 

of the o and m crystallites with a similar epitaxial orientation allows the formation of 

coherent o/m grain boundaries (Figure 4.4.3f), in contrast to the incoherent o(111)/m(001) 

grain boundaries found in HZO films on (001) substrates. In particular, the coherent m/o 

boundary forms despite the nominal 5% larger m(001) lattice spacing compared to the 

o(001) lattice spacing. The coherent boundaries are observed between grains with 

equivalent in-plane epitaxial orientation, but HZO crystallites can grow along any of the 

three equivalent in-plane directions. Thus, the grain boundaries between differently in-

plane oriented HZO crystallites may not be coherent. This possibility could not be 

confirmed due to the difficulties in observing the cation columns for the misoriented 

crystallites. Besides, the intensity of the HAADF image (which scales approximately 

as Z2, Z being the atomic number) at the HZO/LSMO interface (Figure 4.4.3f) suggests a 
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similar interfacial reconstruction to the one found in HZO/LSMO/STO(001),120 where 

Hf/Zr atoms substitute Mn atoms right at the interface. 

 

Figure 4.4.3 (a) Large field of view HAADF image showing the STO(111) substrate, the 

LSMO(111) electrode and the HZO film. (b-d) Zooms of the three o-HZO crystal variants found 

in the HZO film, extracted from larger images collected at different locations. The [001] polar 

axis is tilted with respect to the plane-normal direction by 24° (b), 66° (c) and 90° (d). 

The Pca21 orthorhombic model shows the Hf/Zr cations (blue balls) as seen along the different 

directions. (e) Zoom of the m-HZO phase and comparison with the P21/c monoclinic model 

showing the Hf/Zr cations (red balls). Note that the angle between the [001] and [100] directions 

is more than 90°, which is the characteristic of the monoclinic phase. (f) Zoom around the HZO 

film, showing tilted m-HZO(001) and o-HZO(001) grains and the coherent grain boundary (GB) 

between them, as indicated by the yellow top and bottom arrows. Scale bar in (b-e): 1 nm. 

Grains that have grown along the two other equivalent in-plane directions of STO(111) 

and are not in perfect on-axis in the STEM images also provide valuable information. The 

resolved planes can be identified as belonging to the {111} or { 11} families, which is 

the expected view if one grain is rotated in-plane by 120° clock or anticlockwise. 
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Interestingly, it can be seen that these {111} or { 11} planes appear fully coherent with 

the (110) planes of LSMO, with a one-to-one matching along the direction parallel to the 

interface (corresponding to the following directions: [42 ]HZO/[ 11]LSMO, see Figure 

4.4.4a-b). Given the dissimilarity between the HZO polymorphs and the LSMO structure, 

these well-matched planes can play an important role in the epitaxial stabilization of 

orthorhombic HZO on LSMO(111). The expected lattice mismatch between HZO {111} 

or { 11} and LSMO/STO (110) planes is about 6%, which is a high but still feasible value 

for the strained growth of the nanometric film. 

 

Figure 4.4.4 (a) HAADF cross-sectional image of an orthorhombic HZO crystallite and the 

LSMO electrode. (b) The corresponding fast Fourier Transform (FFT) filtered image. {111}/{

11} HZO planes and {110} LSMO planes are selected in the FFT (see the bottom-right inset) and 

used to obtain the image containing only the selected planes. Note that both HZO {111}/{ 11} 

and LSMO {110} reflections appear as one spot as they are not resolved separately. For clarity, 

planes in the HZO are shown in yellow while those in LSMO are shown in white. The location of 

the HZO/LSMO interface is indicated with a horizontal yellow arrow both in (a) and (b). 

4.4.3 Electrical characterization 

Current-voltage curve (Figure 4.4.5a, red line) shows two clear ferroelectric switching 

current peaks, with notably shift to negative voltage side. The coercive fields of positive 

and negative side are 1.8 MV/cm2 and -3.3 MV/cm2, respectively, signalling an imprint 

of 750 kV/cm pointing towards the bottom LSMO electrode. The corresponding 

polarization loop (Figure 4.4.5a, blue line) evidences the ferroelectric behavior of the 

Pt/HZO/LSMO/STO(111) capacitor, with a remanent polarization Pr of around 14 

μC/cm2. As discussed in Figure 4.4.3, the three families of o-phase have the c-axis tilted 
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at 24°, 66° and 90° with respect to the out-of-plane direction, and thus the corresponding 

contributions to the polarization are 0.91Pbulk, 0.41Pbulk and 0, where Pbulk is the 

polarization of HZO film, which is around 52-55 μC/cm2 from theory calculation.140,141 

Therefore, the polarization of the film is expected to be P=α·(1/3×0.91Pbulk + 

1/3×0.41Pbulk + 1/3×0), where α is the fraction of o-phase in the film. From the electrical 

measurement, the P value is around 14 μC/cm2, thus, it can be estimated that α is around 

0.6, which matches with the STEM observation quantitatively. The leakage current as a 

function of electric field is shown in Figure 4.4.5b. The leakage is low with a value around 

6 × 10−8 A/cm2 at 1 MV/cm.  

 

Figure 4.4.5 (a) Current-electric field curve (red line) and the corresponding ferroelectric 

polarization loop (blue curve). (b) Leakage current as a function of the electric field. (c) Evolution 

of memory window with the number of bipolar cycles of amplitude 3V (solid triangles) and 3.5V 

(solid squares). Open symbols show the evolution of the leakage current (value at 1V) during the 

endurance measurements at 3V (triangles) and 3.5V (squares). (d) Retention at 85 °C after poling 

with positive (solid symbols) or negative (open symbols) voltage pulses with amplitude of 3.5V 

(squares) and 3V (triangles). Dashed lines correspond to the fitting of Pr ∝ td
−n equation, where 

td is the time after poling. The vertical dash line marks a time of 10 years.   
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The endurance (solid symbol) companied with leakage current (open symbol) evolution 

under cycling amplitudes of 3 V (triangles) and 3.5 V (squares) is shown in Figure 4.4.5c. 

It can be seen that there is no wake-up effect, and at 3.5V, the memory window gradually 

decreases from 14 μC/cm2 to 8.8 μC/cm2 after 106 cycles, and then degrades more severe 

to 3.5 μC/cm2 after 108 cycles. Similarly, at 3V, the initial 2Pr slightly drops to 8.9 

μC/cm2 after 103 cycles, and diminishes faster with further cycling down to 2.5 

μC/cm2 after 108 cycles. The leakage current is nearly constant at 3 V and increases 

slightly after 107 cycles at 3.5 V, which shows a lack of correlation with the ferroelectric 

fatigue. It suggests that the fatigue process is probably not dominated by the generation 

of new oxygen vacancies, and it is proposed that the fatigue in this film is mainly caused 

by the fast growth of pinned ferroelectric domains within each orthorhombic grain. The 

retention is measured at 85 °C, as shown in Figure 4.4.5d, using the same poling voltage 

for endurance measurements. The experimental data, up to 104 s, are fitted to 

the Pr = P0td
−k equation (dashed lines), where td is the time after poling. The extrapolated 

retention can extend beyond 10 years (vertical dotted line) for both poling voltages of 3 

V (triangles) and 3.5 V (squares). 

Conclusions 

In summary, epitaxial HZO film has been stabilized on LSMO/STO(111) with coexisting 

of m-phase and o-phase. The o-phase shows tilted epitaxy and has three crystal variants 

with a polar [001] axis at different angles (24°, 66° and 90°) with respect to the plane-

normal direction. The remanent polarization around 14 μC/cm2 matches with the 

estimated value considering the o-phase orientation. Good retention and endurance are 

also demonstrated. 
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Chapter 5. Epitaxial Hf1-xZrxO2 and La-doped (Hf,Zr)O2 thin 

films 

Doping allows to stabilize the ferroelectric o-phase and optimize the ferroelectricity for 

HfO2-based thin film. One of extensively investigated dopants is Zr, since the wide 

optimized doping window and low crystallization temperature.147 La is another promising 

dopant with large atomic radius to achieve high remanent polarization and good 

ferroelectricity (low leakage current and long endurance).74,148 In polycrystalline films, 

the doping effect has been investigated, while in epitaxial HfO2-based film, the results 

are seldom at the beginning of the present thesis. To gain more sights into the influence 

of doping on the intrinsic ferroelectricity of HfO2-based films, we systematically studied 

the doping effect of Zr and La dopants. First, ferroelectricity of a series of 10 nm epitaxial 

films of Hf1-xZrxO2 with different compositions are explored. Films in all the explored 

compositions are ferroelectric without wake-up effects. Endurance is better in HZO film 

than that of HfO2 and ZrO2 films. Second, we investigated the influence of La content, 

film thickness, and substrate induced epitaxial stress on the ferroelectricity of 

La:HfO2 films. The optimized La content is 2-5 at% with Pr higher than 20 μC/cm2. 2 at% 

La:HfO2 films with thickness less than 7 nm show a high Pr of about 30 μC/cm2, slight 

wake-up, an endurance of at least 1010 cycles and a retention of more than 10 years, with 

the endurance and retention measured at the same poling voltage. 2 at% La:HfO2 films 

on different perovskite substrates show Pr up to 29 μC/cm2 in films deposited on TbScO3 

substrate, and chemical doping and epitaxial stress can be collaborated to tailor 

ferroelectricity. Third, the synergic doping effect of Zr and La on HfO2-based films is 

explored. The results of epitaxial 1% La doped HZO film with different thicknesses 

indicate that La decreases the reduction of polarization with thickness increase compared 

with Zr doped films. Despite fatigue present, endurance in epitaxial La-doped films is 

more than 1010 cycles, and this good property is accompanied by excellent retention of 

more than 10 years, which proves that there is no endurance-retention dilemma in La-

doped epitaxial HZO films. Furthermore, the HfO2-ZrO2-La2O3 ternary system has been 

studied. When increasing the Zr content, a lower La content is more suitable for achieving 

higher Pr, and the optimized Pr of about 30 μC/cm2 can be obtained in 2% La:HZO film. 
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5.1 Epitaxial Hf1-xZrxO2 thin films 

 

 

Abstract 

 

Systematic studies on polycrystalline Hf1–xZrxO2 films with varying Zr contents show that 

HfO2 films are paraelectric (monoclinic) with good insulating properties. Instead, if the 

Zr content is increased, films become ferroelectric (orthorhombic) and then 

antiferroelectric (tetragonal). In between, Hf0.5Zr0.5O2 shows good ferroelectricity at the 

expense of poorer insulating properties than HfO2 and ZrO2 films, respectively. However, 

similar investigations on epitaxial Hf1–xZrxO2 films has not been addressed. In this section, 

we explore the ferroelectric, and insulating properties of a series of epitaxial films of Hf1–

xZrxO2 with different Zr content. We show that epitaxial growth permits the stabilization 

of the ferroelectric phase in a whole range of Zr content (from x = 0 to x = 1). In epitaxial 

ZrO2 films, ferroelectricity coexists with better insulating properties than Hf0.5Zr0.5O2, 

and in HfO2 epitaxial films, ferroelectricity coexists with better insulating properties than 

Hf0.5Zr0.5O2. For the case of ZrO2 films, large electroresistance is also observed. In both 

cases, the ferroelectric endurance is poorer than that for Hf0.5Zr0.5O2 films. 
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Introduction  

The systematic investigation of polycrystalline Hf1-xZrxO2 (x=0-1) films grown by atomic 

layer deposition indicates that: i) the paraelectric centrosymmetric monoclinic phase 

(P21/c) stabilizes in pure HfO2 films, ii) in films with x near to 0.5, the ferroelectric 

orthorhombic phase (Pca21) stabilizes and iii) tetragonal phase (P42/nmc) stabilizes in Zr-

rich films.42,43,52,147,149 Investigations on epitaxial films are scarcely reported. 

Ferroelectric, insulating, and electroresistance properties of a series of 10 nm epitaxial 

films of Hf1-xZrxO2 with different compositions are explored here. Furthermore, the wake-

up effect, endurance and the stability of orthorhombic phase under higher temperature are 

investigated in parallel. Our results reveal that epitaxial growth enhances the stabilization 

of the ferroelectric orthorhombic phase for a wider compositional range than 

polycrystalline film. Films in all the explored compositions are ferroelectric without 

wake-up effects, increasing the remanent polarization with the Zr content. And there are 

no detectable phase changes in Hf0.5Zr0.5O2 and ZrO2 films after heating up to 1000 K and 

cooling down to room temperature. 

5.1.1 Growth conditions 

Five Hf1-xZrxO2 ceramic bulks with composition of HfO2, Hf0.75Zr0.25O2, Hf0.5Zr0.5O2, 

Hf0.25Zr0.75O2 and ZrO2 were sintered as targets. Hf1-xZrxO2 films were deposited at 

substrate temperature (measured using a thermocouple inserted in the heater block) of 

Ts=800 °C with dynamic oxygen pressure of PO2 = 0.1 mbar and a laser frequency of 

2 Hz. More details of the sample preparation can be found in Chapter 3.1. Hf1-xZrxO2 

(x=0-1) films (t≈8 nm for HfO2 film, t≈9 nm for Hf0.75Zr0.25O2, Hf0.5Zr0.5O2, Hf0.25Zr0.75O2 

film, and t≈12 nm for ZrO2 film. Thickness is extracted from Laue fringes fitting as shown 

in Figure 5.1.1). 
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Figure 5.1.1 (a-e) XRD q-2q scans and (f) the estimated thickness (black circles) and growth rate 

(blue squares) of Hf1-xZrxO2 films on LSMO/STO(001). Red curves are simulations of Laue 

oscillations. 

5.1.2 Structural characterization 

 
Figure 5.1.2 (a) XRD q-2q scans of Hf1-xZrxO2 films (x=0, 0.25, 0.5, 0.75 and 1). (b) XRD 2q-c 

frames of Hf1-xZrxO2 films. Dashed green line rectangle mark the position of the HZO o 

(111)/t(101) reflection. (c) Out-of-plane o(111)/t(101) lattice distance of Hf1-xZrxO2 films (black 

squares) and intensity of o(111)/t(101) normalized to LSMO(002) (red cycles), plotted as a 

function of Zr content. 
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Figure 5.1.2a shows XRD q-2q scans of all Hf1-xZrxO2 films (x=0, 0.25, 0.5, 0.75 and 1). 

It can be clearly observed that there is a peak at 2q around 30.1o in all films which is 

corresponding to the position of orthorhombic (111) reflection. It needs to be noted that 

(101) reflection of tetragonal phase could overlap with orthorhombic (111) reflection, 

although transmission electronic microscopy indicates no presence of tetragonal phase in 

Hf0.5Zr0.5O2 film,14 which likely disregards its significant presence in the low Zr content 

films, but not on films with greater Zr content. The peak at around 28.5o signals the 

formation of monoclinic (-111) phase in x=0 and 0.25 films. But when increasing Zr 

content, this peak gradually vanishes and only Laue fringes from o(111)/t(011) peak can 

be  observed. Diffraction peak at around 34.5o is related to the {002} reflection of m, o 

or t phase. In Figure 5.1.2b, XRD 2q-c frames indicate bright circular spots corresponding 

to the STO substrate, the LSMO electrode, and the o(111)/t(101) reflection as indicated. 

The narrow spot around c=0° signals epitaxial ordering. The out-of-plane lattice 

parameter of do(111)/t(101) and normalized intensity of the o(111)/t(101) peak are shown in 

Figure 5.1.2c. It can be seen that the do(111)/t(101) value gradually decreases (square symbols) 

from 2.978 Å to 2.959 Å while increasing Zr content, in agreement with results found in 

polycrystalline films.42 The maximum intensity of o(111)/t(101) peak (Io(111)/t(101), round 

symbols) is in Hf0.5Zr0.5O2 film, which indicates a higher content of o(111)/t(101) phase.  

 

Figure 5.1.3 XRD 2q-χ maps of ZrO2, Hf0.5Zr0.5O2, and HfO2 films around asymmetric (b-d) 

STO(101) and (f-h) STO(111) reflections. The corresponding sketches are in panels (a) and (e). 

To further explore the phase formed in the film, we analysed the XRD 2q-χ maps of ZrO2 

Hf0.5Zr0.5O2, and HfO2 films around STO(101) and STO(111) reflections, as indicated in 
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Figure 5.1.3. Sketches in (a) and (e) show the position of relevant reflections in the maps 

around STO(101) and STO(111), respectively. In panel b, the o(111)/t(101) reflection in 

ZrO2 arises from {00L} oriented crystallites without splitting, also evidenced by the peak 

at 34.5° in the symmetric q-2q scan (shown in Figure 5.1.2a), corresponding to either 

{002} reflections of o and/or t phases but not to m phase. In the Hf0.5Zr0.5O2 film (Figure 

5.1.3c), the o(111)/t(101) reflection is accompanied of weak m{111} reflection, 

indicating that the peak at 34.5° in the symmetric q-2q scan includes {002} reflections 

of m phase in addition of o and/or t phases. In contrast, these asymmetrical reflections are 

not observed in the HfO2 film (Figure 5.1.3d), in agreement with the absence of peak at 

34.5° in the symmetric q-2q scan. The symmetric q-2q scan of the HfO2 film showed a 

high intensity m(-111) peak. In the 2q-χ map presented in Figure 5.1.3h, a very weak 

m(110) spot, arising from these {-111} oriented crystallites is observed. In the 

Hf0.5Zr0.5O2 film (Figure 5.1.3g) this asymmetric spot is not detected, while there is a very 

low intensity m(011) spot arising from {00L} oriented monoclinic crystallites. None of 

these asymmetric spots is detected in the ZrO2 film (Figure 5.1.3f).in summary, there is 

an absence of {001}-oriented monoclinic phase in ZrO2, while m{001} and o/t{001} 

crystallites coexist in the Hf0.5Zr0.5O2 film. 

Figure 5.1.4a-e shows topographic AFM images of the Hf1-xZrxO2 films. The films are 

very flat, with a RSM roughness less than 0.42 nm (Figure 5.1.4f). Morphology of terraces 

and steps is appreciated with no significant variation among the film. 

 

Figure 5.1.4 (a-e) Topographic AFM images, 5 µm x 5 µm, of the Hf1-xZrxO2 films. The inset in 

each image is a 1 µm x 1 µm scanned area. (f) Summarized roughness (in 5 µm x 5 µm scanned 

areas) of films with different Zr content. 

(a) (b) (c)

(d) (e)

0.00 0.25 0.50 0.75 1.00

Zr/[Hf+Zr]

0.0

0.2

0.4

0.6

0.8

1.0

R
o
u
g

h
n
e
s
s
 (

n
m

)

(f)

1 μm 0.5 μm

1 μm 0.5 μm

1 μm 0.5 μm

1 μm 0.5 μm

1 μm 0.5 μm



Chapter 5. Epitaxial Hf1-xZrxO2 and La-doped (Hf,Zr)O2 thin films 

73 
 

 

Figure 5.1.5 2θ-temperature diffraction maps for Hf1–xZrxO2 x = (a) 0, (c) 0.5, and (e) 1 films. (b, 

d, f) Corresponding integrated intensity as a function of temperature for the o(111) peak. Panel 

(b) includes the temperature dependence of the intensity of the m(-111). Error bars correspond 

to the error of the fit. 

The temperature dependent XRD data of HfO2, Hf0.5Zr0.5O2, and ZrO2 films are indicated 

in Figure 5.1.5. In HfO2 film (Figure 5.1.5a), the peak at lower 2θ angle is ascribed to m(-

111) phase which is stable up to 1100K. Instead, the o(111)/t(101) peak intensity vanishes 

at 1000 K. This is more clearly evidenced by the integrated peaks intensity plotted as a 

function of the temperature in Figure 5.1.5b. The possible reason could be the 

transformation of orthorhombic phase to monoclinic phase. In Figure 5.1.5c (Hf0.5Zr0.5O2 

film), only o(111)/t(101) reflections are observed in the whole explored temperature 

range. The small intensity peak at lower 2θ angle is caused by Laue fringes from 

o(111)/t(101) reflections. Furthermore, the peak intensity is nearly constant in the whole 

temperature range (Figure 5.1.5d), indicating a stability of orthorhombic phase up to 

1100K in epitaxial Hf0.5Zr0.5O2 film, which is above the temperature reported (650-900K) 

in other polycrystalline and epitaxial doped HfO2 films.25,40,99,115,150 The slightly jump 

that appeared at 900K is ascribed to an experimental artefact also observed in the 

reflection belonging to the substrate. From Figure 5.1.5e, it can be noted that the 

o(111)/t(101) reflections is well visible in the whole explored temperature range for ZrO2 

film. A gradual decrease with temperature can be observed from the integrated peak 

(Figure 5.1.5f) intensity of the o(111)/t(101) reflection.  
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Figure 5.1.6 The extracted relative inter-plannar spacing change with temperature of (a) m(-111) 

and o(111) plane in HfO2, and o(111) plane in (b) Hf0.5Zr0.5O2 and (c) ZrO2 films. 

It can be observed in Figure 5.1.5 (a, c, e) that the diffraction peaks indicate a shift towards 

lower angles with temperature increase, which is due to thermal expansion. The extracted 

thermal expansion coefficients (TEC) for the o(111)/t(101) reflection are 5.5, 9.2, and 

11.4 x 10–6 1/K for HfO2, Hf0.5Zr0.5O2, and ZrO2 films, respectively, as shown in Figure 

5.1.6. The absolute TEC value can be largely affected by the substrate, but it is STO(001) 

substrate for all films, and thus it can be concluded that TEC increases with Zr content. 

Figure 5.1.7 shows the P-V loops measured increasing temperature for HfO2, Hf0.5Zr0.5O2, 

and ZrO2 films, respectively. For HfO2, Hf0.5Zr0.5O2, and ZrO2 films, polarization 

dependence on temperature shows a small decrease with temperature. Thus, only the 

HfO2 film undergoes a possible phase transition to the high temperature stable monoclinic 

phase. In addition, a phase transformation between o(111) and t(101) phases in all cases 

cannot be excluded.  

 

Figure 5.1.7 PUND loops of (a) HfO2, (b) Hf0.5Zr0.5O2, and (c) ZrO2 films collected at 1 kHz and 

indicated temperature. 
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5.1.3 Electrical characterization 

 

Figure 5.1.8 (a) Hysteresis loops of Hf1–xZrxO2 films. (b) Dependence of Pr on Zr content, 

recorded in DLCC (black squares) and PUND (red cycles) mode. (c) Current density versus 

applied voltage characteristics of all Hf1–xZrxO2 films. (d) Current density versus Zr content 

evaluated at 1 and 4 V. 

Electrical characterization was done by grounding the LSMO bottom electrode and 

contacting one Pt top electrode. Figure 5.1.8a shows the polarization-voltage loops for all 

films, and it can be observed that all the loops indicate hysteresis with switchable 

remanent polarization. The remanent polarization is extracted from DLCC and PUND 

techniques, for subtracting contributions from leakage. The dependence of the remanent 

polarization with Zr content is shown in Figure 5.1.8b. With increase of Zr content, 

remanent polarization gradually increases. In pure HfO2 film, the Pr is around 5 µC/cm2. 

By increasing the Zr content, the Pr around 19 µC/cm2 and 25.5 µC/cm2 can be obtained 

in Hf0.5Zr0.5O2 film and Hf0.25Zr0.75O2 film, respectively. Interestingly, pure ZrO2 film 

shows maximum Pr≈27 µC/cm2, which is significant larger than that of the epitaxial 

Hf0.5Zr0.5O2 film. In polycrystalline films, the peaky Pr is usually observed in x=0.5 of 

Hf1-xZrxO2 films series.42,52,66 About the reason why there is unexpected high Pr in pure 

ZrO2 film under the conditions that the orthorhombic phase in the ZrO2 film coexists with 
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the paraelectric monoclinic (-111) phase and it can coexist with the tetragonal phase, as 

inferred from Figure 5.1.2, will be clarified in detail below. Figure 5.1.8c shows the 

current density versus applied voltage characteristics used to evaluate leakage current (at 

1 and 4 V) shown in Figure 5.1.8d. It can be observed that the leakage is the largest for 

the x=0.5 film. The extreme films, x=1 and x=0, show the lowest leakage current. Thus, 

ferroelectricity coexists with low leakage in pure ZrO2 and HfO2 films.  

 

Figure 5.1.9 (a) Current versus voltage loops using PUND measurements of ZrO2, Hf0.25Zr0.75O2, 

and Hf0.5Zr0.5O2 films recorded at 1 kHz. (b) Consecutive polarization loops of ZrO2 measured in 

pristine state and after a number of cycles in the 2 - 20 range measured at 6 V and 1 kHz. (c) 

Current density and corresponding current versus voltage loops of ZrO2 epitaxial films. (d) 

Electroresistance of Hf1–xZrxO2 films evaluated at -4 V. 

In Figure 5.1.9a, the current versus voltage loop from PUND measurement for Zr-rich 

films (ZrO2, Hf0.25Zr0.75O2, and Hf0.5Zr0.5O2) is plotted to further clarify the ferroelectric 

origin in the hysteresis loops indicated in Figure 5.1.8a. It can be observed that in pure 

ZrO2 film, there are clear two switching current peaks in both positive side and negative 

side, which is different from the other two films with lower Zr composition. The reason 

for the two switching peaks can be attributed to two possible aspects. The first is electric 

field induced t-o phase transition, which is usually considered as the cause for the high 
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polarization presenting in some polycrystalline ZrO2 and Zr-rich Hf1-xZrxO2 

films.42,43,62,151 However, this kind of field induced t-o transitions needs a large number 

of cycles, from 160 to thousands in polycrystalline films.43,151 Recently, field induced t-o 

transitions have also been reported in epitaxial Y-doped HZO film with wake-up effect 

up to 100 cycles.114 In contrast, as indicated in Figure 5.1.9b, there is not wake-up effect 

in our epitaxial ZrO2 films, but is a clear decreasing of Pr. Thus, if there is field induced 

t-o transition in the epitaxial ZrO2 films, it would occur completely by applying a single 

electric cycle. The second reason is that there is coexisting resistive switching 

contribution in pure ZrO2 film. Figure 5.1.9c shows resistive switching characterization 

of ZrO2 films, performed by applying a step shaped triangular voltage waveform to the 

films and measuring the current response at pristine state. Integration time for each data 

point is 2 s. Similar data have been collected in the other films. The dependent of 

electroresistance with Zr content is illustrated in Figure 5.1.9d, which indicates an 

obviously larger electroresistance in pure ZrO2 film. It has to be noted that this kind 

hysteretic character cannot be completely suppressed by PUND or DLCC techniques. 

When measuring I-V curves of our films, four main contributions are present, 

ferroelectric switching, intrinsic dielectric contribution, leakage current, and series 

resistance from the setup. PUND allows the removal of nonswitchable contributions, like 

intrinsic dielectric contribution, leakage current, and series resistance. However, if the 

leakage current is hysteretic, as indicating in Figure 5.1.9c, it might not be fully removed. 

On the other hand, because this kind of probable ionic induced hysteresis is frequency-

dependent, DLCC method is also not effective to remove it. Thus, the separation of the 

ferroelectric contribution from the I-V curve is difficult, although there is a clear 

ferroelectric switching peak around 3V in Figure 5.1.9a. In other compositions, this large 

electroresistance is not significant, which reveals that important extrinsic contributions 

can be disregarded in Hf0.25Zr0.75O2 films, indicating that epitaxial Hf0.25Zr0.75O2 shows 

the largest intrinsic ferroelectric polarization.  

The endurance of epitaxial Hf1-xZrxO2 films is summarized in Figure 5.1.10. The 

decreasing of memory window after different cycling numbers indicates that there is no 

wake-up effect in epitaxial Hf1-xZrxO2 films, which is in contrast to polycrystalline Hf1-

xZrxO2 films.43 The high pristine 2Pr value in ZrO2 film, as discussed before, consisting 

of ferroelectric polarization switching and resistive switching contributions or other 

contributions, and thus Pr is overestimated. As shown in Figure 5.1.10a, the memory 

window reduces from 32 to 15.2 μC/cm2 after 104 cycles under an electric field of 4.5 
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MV/cm, and capacitor breakdown occurs for further cycling. The corresponding I-V 

curves are plotted in Figure 5.1.10b, it can be observed that two switching peaks (signaled 

by an arrow) are still present after 104 cycles. The fast breakdown of ZrO2 films might 

result from the presence of important ionic conduction origin. In Hf0.25Zr0.75O2 films, the 

hard breakdown happens after 106 cycles with remaining memory window of 16 μC/cm2 

under an electric field of 4.5 MV/cm. The middle Hf0.5Zr0.5O2 film shows the best 

endurance up to 109 cycles with a cycling field of 4.4 MV/cm. Hf0.75Zr0.25O2 films and 

HfO2 films were measured at 4.9 and 6 MV/cm, and the initial polarization window 

dropped from 9.2 μC/cm2 and 7.1 μC/cm2 to about 2 μC/cm2 after 106 cycles, respectively, 

without hard breakdown. The I-V curves of the HfO2 films in Figure 5.1.10c indicates 

that the ferroelectric switching current peak is very small after 106 cycles and that the 

obtained 2 μC/cm2 is overestimated due to residual leakage and series resistance 

contributions.152 Therefore, for HfO2 films, the device endurance is limited by the 

intrinsic ferroelectric fatigue instead of hard breakdown. 

 

Figure 5.1.10 (a) 2Pr of Hf1-xZrxO2 films after different number of cycles. Current-voltage loops 

of (b) ZrO2 and (c) HfO2 films after indicated number of cycles.  

Conclusions 

In summary, ferroelectric orthorhombic phase can be epitaxially stabilized in the all Hf1-

xZrxO2 (x=0, 0.25, 0.5, 0.75, 1) films. The o(111)/t(101) phase can be stabilized up to 

1100K without transition to non-polar phase in Hf0.5Zr0.5O2 film and ZrO2 film. While, 

the HfO2 film does not show o(111)/t(101) diffraction peaks when the sample is heated 

to 1000 K, and the crystal transformation is irreversible. The systematically investigation 

shows that with Zr content increase, the remanent polarization increase, indicating 

ferroelectricity with good insulating properties in epitaxial ZrO2 and HfO2 films. The 

high Pr up to 30 μC/cm2 in the ZrO2 film is associated with ferroelectric polarization 

switching added to resistive switching or other contributions. The endurance indicates 
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that there is no wake-up effect in films with explored compositions and best ferroelectric 

endurance is present in Hf0.5Zr0.5O2 film. The endurance is limited by hard breakdown in 

Zr-rich films, whereas, limited by fatigue and low pristine memory window in Hf-rich 

films.  
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5.2 Epitaxial La-doped HfO2 thin films 

 

Abstract 

 

La, with large atomic radius, is one of the most promising dopant to achieve high 

remanent polarization and good ferroelectricity in doped HfO2 films. Here, we 

investigated the influence of La content, film thickness, and substrate induced epitaxial 

stress on the ferroelectricity of La:HfO2 films. First, the optimized La concentration for 

stabilizing orthorhombic phase in epitaxial HfO2 thin films has been determined by grown 

films on STO and Si substrates. Films with 2-5 at% La doping present more polar 

orthorhombic phase and indicate a higher remanent polarization above 20 μC/cm2. With 

La content increase, coercive electric field and leakage current decrease, and dielectric 

permittivity increases. Second, to explore the thickness effect on the ferroelectricity of La 

doped epitaxial HfO2 films. 2 at% La doped HfO2 films with thickness ranging from 4.5 

to 17.5 nm were prepared.  Films of less than 7 nm thickness show a high remanent 

polarization of about 30 μC cm-2, slight wake-up, an endurance of at least 1010 cycles and 

a retention of more than 10 years, with the endurance and retention measured at the same 

poling voltage. La-doped HfO2 films even as thin as 4.5 nm also show robust 

ferroelectricity. Third, to further investigate the epitaxial stress effect on the polarization 

of 2 at% La-doped HfO2 films, different perovskite substrates were employed to grow 

films on. Films grown on substrates with large pseudocubic in-plane parameters (TbScO3 

and GdScO3) show large values of remanent polarization up to 29 μC/cm2, while on 

substrates with small parameters (LaAlO3) show low remanent polarization of 5.3 μC/cm2. 
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Introduction 

Among the different atoms used to stabilize the ferroelectric orthorhombic phase in 

polycrystalline HfO2 film, La, with large atomic radius, is one of the most promising 

dopant to achieve high remanent polarization and good ferroelectricity for industry 

applications.44  In this section, we investigated the influence of La content, film thickness, 

and substrate induced epitaxial stress on the ferroelectricity of La:HfO2 films. First, the 

reported dependence of the polarization of La:HfO2 films on the La content on 

polycrystalline films is focused to range from 2% to 12%.58,153–155 Here, we prepared a 

series of La:HfO2 films with varied La content (0,1, 2, 5, 7.5, and 10 at%) deposited on 

(001)-oriented STO and Si substrates. The optimized La content is 2-5 at% with remanent 

polarization higher than 20 μC/cm2. Second, the thickness effect is known to modulate 

the ferroelectricity of La:HfO2 films. The reported results of polycrystalline films 

deposited by atomic layered deposition indicates that when the endurance is up to 1010 

cycles, the Pr is limited to 13 μC/cm2.35 However, La:HfO2 films with a very high 

polarization do not show good endurance due to the endurance-polarization dilemma.37,38 

On the other hand, the ferroelectricity has been reported in La:HfO2 films with a thickness 

of 1 μm, but no reports are focused on films with thickness thinner than 10 nm.153 Based 

on the optimized La concentration, the 2 at% La:HfO2 films with thickness ranging from 

4.5 to 17.5 nm were prepared. Films with thickness less than 7 nm show a high remanent 

polarization of about 30 μC cm-2, slight wake-up, endurance of at least 1010 cycles and 

retention of more than 10 years, with the endurance and retention measured at the same 

poling voltage. La:HfO2 films even as thin as 4.5 nm also present robust ferroelectricity. 

Third, different perovskite substrates have been used to modulate the LSMO buffer layer 

below the epitaxial deposited Zr-doped hafnium films.157 Nevertheless, the influence of 

epitaxial stress on the ferroelectricity of hafnium films with different doping chemical is 

still unknown. We prepared 2 at% La:HfO2 films on different perovskite substrates, 

showing remanent polarization up to 29 μC/cm2, obtained in a film deposited on TbScO3 

substrate. 
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Sample preparation 

La:HfO2 films and bottom La0.67Sr0.33MnO3 (LSMO) electrodes were grown on STO(001) 

substrates in a single process by PLD using a KrF excimer laser. Hf1-xLaxO2- (x = 0, 0.01, 

0.02, 0.05, 0.075 and 0.1) and La0.67Sr0.33MnO3 sintered pellets of 1 inch diameter were 

used as targets. The corresponding parameters used to grow La:HfO2 films (around 8.5 

nm) were Ts = 800 °C, PO2 = 0.1 mbar and 2 Hz. More details of sample preparation can 

be found in Chapter 3. An equivalent series of La:HfO2/LSMO bilayers was grown on 

Si(001) wafers (p-type, resistivity 1-10 Ω·cm) buffered with epitaxial STO films 

deposited ex-situ by molecular beam epitaxy (MBE). Details of MBE deposition of the 

STO buffers are reported elsewhere.29,158 The same method has been used to grow 2 at% 

La:HfO2 films with thickness ranging from 4.5 to 17.5 nm. Platinum top electrodes of a 

14 μm diameter were additionally deposited on the t = 4.5 nm film on Si(001) to reduce 

the leakage effect on the measurement of polarization loops.  

5.2.1 Impact of La concentration on epitaxial hafnium film 

The structural characterization of different La content doped HfO2 films is shown in 

Figure 5.2.1.  The XRD 2θ-χ maps (Figure 5.2.1a) present bright spots around χ=0 ° in 

all films. The spots around 23° and 47° are related to STO(001) and STO(002) reflections. 

The spots at 2θ around 28.3° and 34.4° correspond to m(-111) and m(002) phases, with 

brighten m(-111) reflection when decreasing La content and the m(002) phase is only 

clearly observed in the film with 10 at% La content. In all films, there is a bright spot 

around 30°, where the (111) reflection of the orthorhombic (o) phase, the (111) reflection 

of the cubic (c) phase, and the (101) reflection of the tetragonal (t) phase are located. At 

here, it is not possible to distinguish which kind of phase is formed. However, in 

polycrystalline La:HfO2 films, the o phase stabilizes at moderately lower La content and 

the c phase tends to form at high La content.58,74 Therefore, here we mainly consider the 

possible formation of o and c phase. Figure 5.2.1b shows the XRD θ-2θ scans measured 

with a point detector. Laue oscillations can be clearly observed around 30°, indicating a 

good crystallinity in the films. The film thickness is determined from the simulation of 

the Laue oscillations (not shown). The films are around 8 nm thick, except the 10 at% 

film which is 10.5 nm thick. The out-of-plane lattice parameter (Figure 5.2.1c) of o/c(111) 

reflection is around 2.98 Å in the films with content up to 5 at%, and slightly expanded 

to around 3.0 Å in the 7.5 and 10 at% La doped film, which could signal an increase of 
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cubic phase in the higher La doped films, as it has been observed in polycrystalline 

films.58 The do/c(111) values of equivalent films deposited on Si substrate have also been 

summarized. Here we also observed do/c(111) increases with La content. The relatively 

smaller do/c(111) value in films deposited on Si substrate than that on STO substrate is 

considered an effect of the tensile stress caused by the unmatched thermal expansion of 

Si while cooling. Si has a low thermal expansion coefficient and this produces a tensile 

stress on the film when it is cooled after growth at high temperature.30,31 The 12 peaks of 

o/c(111) reflection indicates four in-plane orientations and the film epitaxial growth 

(Figure 5.2.1d).  

 

Figure 5.2.1 (a). XRD 2θ-χ maps (b) and θ-2θ scans (c) of the La:HfO2 films on STO(001). (e) 

Out-of-plane lattice parameter associated with the o/c(111) reflection as a function of the La 

concentration for films on STO(001) (red squares) and Si(001) (blue circles). Lines are guides 

for the eye. (d) XRD ϕ-scans, measured in the 2 at. % La film on STO(001), around o/c(-111) 

reflections (top panel) and STO(111)/LSMO(111) reflections.. 

The topograph AFM images (Figure 5.2.2) present morphology of terraces and steps, 

indicating flat surface with low root-mean-square roughness (rms) of around 1.5-2 Å in 

films with La content lower than 10 at%. A slightly higher roughness is indicated in 10 

at% La doped film with rms increase to 3.7 Å. 
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Figure 5.2.2 Topographic AFM images of the La doped films on STO(001), scanned in 5 μm × 5 

μm and 1 μm × 1 μm regions.  

 

Figure 5.2.3 Current-voltage curves (red lines) and polarization loops (black lines) of the series 

of La:HfO2 films on STO(001). The La concentration is indicated in the label at the top left of 

each panel. 

The current-voltage curves (red lines) and polarization loops (black lines) of the films on 

STO(001) measured in the pristine state by the DLCC method is shown in Figure 5.2.3. 

In the pure HfO2 film, the switching current is small with low remanent polarization 

around 5 μC/cm2. With La content increase, the amplitude of the ferroelectric switching 
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current and remanent polarization become greater. The highest remanent polarization 

around 22 μC/cm2 is obtained in film doped with 2 at% La, and slightly drops to ∼ 20 

μC/cm2 in 5 at% La doped films. The polarization decreases in the films with a higher 

amount of La, being Pr ∼ 6.5 μC/cm2 in the 7.5 at% La film, while the 10 at. % La film 

does not show ferroelectric switching peaks. The corresponding current-voltage and 

polarization loops of films on Si was indicated in Figure 5.2.4. A similar dependence on 

the La concentration can be observed, with Pr above 25 and 20 μC/cm2 in the 2 and 5 at% 

La doped films, respectively. 

 

Figure 5.2.4 Current-voltage curves and polarization loops of films on Si substrate measured by 

DLCC are in (a) and (b), respectively. 

The dependence of the remanent polarization of the epitaxial films on STO(001) (solid 

red rhombi) and Si(001) (solid blue diamonds) on the La concentration is shown in Figure 

5.2.5. The optimized La concentration is in the range of 2-5 at% for the films deposited 

on both substrates. Meanwhile, the report by Li et al.159 for a t = 12 nm epitaxial 5.5 at% 

La doped film (solid orange square) fits well to our data. The other data reported for 

polycrystalline films have also been plotted in Figure 5.2.5. It can be seen that the 

optimized La content reported by Chernikova et al.58 (open blue triangles) and Schenk et 

al.153 (open pink triangles) do not differ greatly from the epitaxial films. However, the 

data reported by Mart et al.155 (open gray circles) and particularly by Schroeder et 

al.154 (open gold triangles) indicate that a higher La content is needed to get the largest 

polarization. The reason of this could be La segregation depending on the preparation 

conditions, or different strain effect under capping layer. Because epitaxial films are 

closer to intrinsic HfO2 than polycrystalline films, a concentration of 2-5 at% is estimated 

to be optimal to stabilize the ferroelectric phase in La-doped HfO2. 
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Figure 5.2.5 Dependence of the remanent polarization with the La concentration of the epitaxial 

films on STO(001) (solid red diamonds) and Si(001) (solid blue stars). The empty red diamond 

and empty blue star correspond to 2 at. % t = 6.9 nm epitaxial films grown by using same 

conditions on STO(001) and Si(001), respectively. The remanent polarization of a t = 12 nm 

epitaxial film on STO(001) reported by Li et al. is indicated by a solid orange square. Data of 

series of polycrystalline films with varied La concentration are shown with open gray circles (t = 

10 nm), open up blue triangles (t = 10 nm), open pink right triangles (t = 45 nm), and open gold 

left triangles (t = 10 nm). Other reported data of polycrystalline films with fixed La concentration 

are indicated by open pink pentagon (t = 45 nm)160 and open violet diamond (t = 50 nm).69 

Figure 5.2.6 shows the influence of La concentration on the coercive fields (EC). The solid 

symbols indicate the EC value reported for epitaxial films. Open symbols indicate 

reported EC values for polycrystalline films. It can be seen from Figure 5.2.6a that the 

monotonic decrease of EC from 4.42 to 2.55 MV/cm with La concentration increase is 

remarkable. The same dependence is observed in the films on Si(001), with a decrease 

in EC from 4.92 to 3.1 MV/cm. And the EC value of an epitaxial La:HfO2 film on 

STO(001) reported by another group (solid right green triangle) fits very well with the EC-

La content dependence of our epitaxial films.159 The decrease of the EC of the epitaxial 

film with La content increase could be due to a greater number of defects that would 

facilitate domain switching.154 The epitaxial La-doped HfO2 films also indicates a larger 

coercive field than that of polycrystalline films. The EC values of most polycrystalline 

films range from 0.5 to 1.7 MV/cm (empty symbols) without a clear dependence on La 

content. Schroeder et al.154 noted a slight decrease in EC with La concentration (for 

simplicity, we only show two of the reported values). More recently, they have 

reported EC ∼ 3 MV/cm in t = 10 nm polycrystalline La:HfO2 films.161 The reasons for 

the smaller EC in polycrystalline films could be the greater quantity of defects or larger 
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lateral grain size than that in epitaxial films.161,162 Furthermore, EC ∼ t–2/3 scaling is 

reported for epitaxial films,23,65,163 but it has rarely been observed with polycrystalline 

films. A more recent report shows a strong dependence of the coercive field of 

polycrystalline HZO and La:HfO2 (the concentration of La is not indicated) on thickness 

of the film and the grain size. As indicated in Figure 5.2.6b, the EC values are very high, 

and the comparison with equivalent epitaxial HZO65 and La:HfO2 films163 evidences that 

(1) the polycrystalline films (HZO and La:HfO2)
161 exhibit EC ∼ t–2/3 scaling and 

have EC values similar to epitaxial films of the same thickness and (2) EC values are 

slightly higher in La:HfO2 than in films of HZO of the same thickness.  

 

Figure 5.2.6 (a) Coercive electric field dependence of La concentration for epitaxial films on 

STO(001) (solid red squares) and Si(001) (solid blue stars). Values were determined from the 

current peak position on the current-voltage curves measured by DLCC. Open symbols indicate 

reported EC values for polycrystalline films. (b) Comparison of EC values that we report for 

epitaxial HZO films31 and La:HfO2 films163 and the ones reported for polycrystalline HZO and 

La:HfO2 films by Materano et al.161 

The leakage curve of the films on STO(001) and Si(001) are shown in Figure 5.2.7a-b. 

The pure HfO2 film (0 at. % La) on STO(001) exhibits leakage current of ∼5 × 10-6 and 

∼5 × 10-7 A/cm2 at 2 and 1 V, respectively. In the doped films, leakage decreases down 

to ∼1 × 10-6 A/cm2 (at 2 V) and ∼2 × 10-7 A/cm2 (at 1 V) with La concentration >1 at. % 

(Figure 5.2.7c). The leakage current values are similar to those commonly reported in 

doped HfO2 polycrystalline films with similar thickness.86 The leakage current values of 

epitaxial La:HfO2 films on Si(001) (Figure 5.2.7d) show similar dependence to that on 

STO(001). Leakage current decreases with La concentration increase. However, the 
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STO(001). Similarly larger leakage current in epitaxial Zr doped HfO2 films on STO-

buffered Si(001) was previously reported.163,164 The higher leakage of films on Si(001) 

could be due to differences in the grain boundaries density or in grain boundaries 

microstructure. When measuring leakage current, a rather long voltage pulse (2s) is 

applied, under this condition, ionic motion at grain boundary may introduce some 

contributions.165,166 

 

Figure 5.2.7 Current leakage curves of the films on STO(001) (a) and Si(001) (b). Dependence 

of the current leakage at 1 V (red squares) and 2 V (blue circles) on the La concentration in films 

on STO(001) (c) and Si(001) (d). The current leakage values in (b) and (c) are the average values 

at positive and negative bias. 

The dielectric constant loops of the films on STO(001) and Si(001) are plotted in Figure 

5.2.8a and b. In the pure HfO2 film and 1% La doped HfO2 film, there is almost no 

hysteresis. With La content increase, hysteresis becomes evident in films with 2-7.5 at% 

La doped, and more saturated permittivity loop is observed in 5 at% La films. The reason 

why permittivity loops with higher La content are more saturated is that coercive field is 

relatively lower, as indicated in Figure 5.2.6a. Therefore, dielectric loop is more saturated 

in films with higher La content, although a lower ferroelectric polarization is shown in 

those films. Further increase La content to 10%, results in narrower hysteresis and lower 

permittivity. The tendency of the permittivity loop shape on La content is the same in the 

films deposited on STO(001) and Si(001). There are also large differences in the dielectric 

constant values of the films. Figure 5.2.8c shows the dependence of the permittivity at 
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high voltage as a function of La concentration for films on STO(001) (red down triangles) 

and Si(001) (blue up triangles). The dielectric constant increase with La concentration 

increase, and in general, the values are higher in the films deposited on Si substrate. It 

can be seen that the dielectric constant is 21-27 in undoped and 1 at% films, and up to 30-

35 in films with La concentration higher than 5 at%. What has been reported in 

polycrystalline films is that dielectric constant is around 24-29, 24-57, 36, and 19-25 for 

the orthorhombic, tetragonal, cubic, and monoclinic phases, respectively.37,167 The 

relatively low dielectric constants in pure HfO2 film and 1% La doped HfO2 film is 

consistent with the coexisting of monoclinic phase in these films. Meanwhile, the high 

dielectric constant in films doped with more La also indicates the possibility of more 

cubic phase formed in these films, which is in agreement with the results reported in 

polycrystalline.58,154 The dielectric constant reflects the crystalline phase evolution with 

La content, which is consistence to  the dependence of Pr on the La content. Namely, the 

optimized La concentration for high polarization is 2-5 at%, and when the La 

concentration is lower or higher, more monoclinic or cubic phase will decrease the Pr 

value. 

 

Figure 5.2.8 Dielectric constant loops of the films on STO(001) (a) and Si(001) (b). (c) 

Dependence of the dielectric constant at high field (average values at positive and negative bias) 

on the La concentration of films on STO(001) (red down triangles) and Si(001) (top blue 

triangles). 

The endurance of 2 and 5 at% La doped HfO2 film is shown in Figure 5.2.9a. The films 

on STO and Si were measured under 5V and 4.5V, respectively. It can be seen that wake-

up effect exists in both cases, but is limited to first few cycles. After the first ten cycles, 

the films start to suffer fatigue. The memory window of 2 at% La doped film (black 

squares) on STO decreases from ~ 25 to 4.6 μC/cm2 after 109 cycles. Comparatively, 

higher memory window indicates in 5 at% La doped film (red circles), and it decreases 

slowly from 31.5 μC/cm2 to 25 μC/cm2 after 107 cycles and then drops to 5 μC/cm2 after 
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1010 cycles. The larger Pr and superior endurance under 5V cycling of 5 at% La doped 

film are a consequence of the lower coercive field, which allows more saturated 

ferroelectric switching under a relatively lower electric field to avoid dielectric 

breakdown and severe fatigue. Interestingly, the endurance result is comparable to the 

best reported value in polycrystalline film,58 even though a higher voltage is applied, 

which indicates a lower defects amount in our epitaxial film. On the other hand, the 

endurance of the samples with the same composition grown on Si are also shown in Figure 

5.2.9. It can be observed that dielectric breakdown occurs at 108 and 109 (empty symbols) 

for 2% and 5% La doped films, respectively. The faster breakdown is probably related to 

the higher leakage of films grown on Si compared to those grown on STO. Apart from 

the endurance, we also measured the retention of the 5 at% La doped film on STO(001) 

and Si(001) measured at 85 °C after positively or negatively poled at 5V and 4.5V, 

respectively, as shown in Figure 5.2.9b. Good retention can be achieved in both films, 

with extrapolated Pr retaining longer than 10 years for both up and down polarization 

states after being poled at 5 V and 4.5 V, respectively.  

 

Figure 5.2.9 (a) Polarization window (2Pr) as a function of the number of bipolar cycles of 

amplitude 5 V of films on STO(001) with La concentration 2 at% (black squares) and 5 at% (red 

circles), 4.5 V of films on Si(001) with La concentration 2 at% (black down triangles) and 5 at% 

(red up triangles). (b) Retention of the 5 at% film on STO(001) and Si(001) measured at 85 °C 

after poled positively or negatively at 5V and 4.5V, respectively. Red dashed lines are fits to Pr = 

P0 · td
−n (see ref. 163). The vertical black dashed line marks a time of 10 years. 

Conclusion 

In summary, the impact of La content on the crystalline phase and ferroelectricity has 

been systematically investigated by growing La doped HfO2 films on LSMO buffered 

STO(001) and Si(001). The optimized concentration is 2-5 at%, with greater amount of 
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orthorhombic phase and high remanent polarization above 20 μC/cm2. With less doping 

content, the films have larger amount of monoclinic phase, while the cubic phase appears 

in films doped with high La content. The coercive field and leakage current of the films 

on both substrates decrease with the concentration of La. The 5 at% La doped film on 

STO has high remanent polarization and endurance up to 1010 cycles with high 

extrapolated polarization after 10 years at 85 °C. The equivalent film on Si has higher 

leakage current and limited endurance to 109 cycles, but still with long retention.  
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5.2.2 Impact of thickness on La doped epitaxial hafnium film 

The structural information of 2 at% La doped HfO2 films with thickness ranging from 4.5 

to 17.5 nm are shown in Figure 5.2.10.  The XRD 2θ-χ maps (Figure 5.2.10a) present 

bright spots around χ=0 ° in all films. The spots at 2θ ∼23° and ∼47° correspond to (001) 

and (002) reflections of the STO substrate and LSMO electrode. The other spots are 

related to the reflections from La:HfO2 films. It can be seen that a bright circular spot at 

2θ ∼30°, the position of o(111) reflection, presents in all films. An elongated bright spot 

that corresponds to m(-111) can be observed in the 17.5 nm film. The reflection of m{002} 

is nearly not visible in all films. The right panel indicates the XRD 2θ-χ maps of the 

equivalent series of La doped HfO2 films on Si(001). Similar results reveal the o phase 

formation in all thickness, but with slightly higher intensity of m{002} reflections. In 

figure 5.2.10b, θ-2θ scans around the main reflections of the La:HfO2 film, measured with 

a point detector, are presented. The o(111) reflection with Laue fringes can be clearly 

observed in all films on STO and Si substrates, with m(-111) in thicker films (17.5 nm) 

but not in the thinner ones. Meanwhile, slightly m{002} is present in 9.2 and 17.5 nm 

films, but nearly not visible in thinner films. The out-of-plane lattice parameter of do-(111) 

is determined from the position of the corresponding diffraction peak in the θ-2θ scans 

(as shown in Figure 5.2.10c). In the films grown on STO(001), the do-(111) value of 4.5 nm 

film is close to 3 Å and with thickness increase, the do-(111) value decreases to less than 

2.98 Å in films with thickness more than 10 nm. The films on Si(001) show the similar 

dependence between do-(111) value and thickness, but with smaller lattice parameter in the 

range of 2.95-2.96 Å. The lower do-(111) of the films on Si(001) is due to the low coefficient 

of thermal expansion of Si(001), which introduces tensile stress in the films when cooling 

down after growth.168 The do-(111) value of equivalent La:HZO films are also plotted,164 

indicating similar dependence with La:HfO2 films, but the do-(111) parameters of the La: 

HZO films are slightly smaller. The pole figures around the o(-111) reflections of 

La:HfO2 and (111) of STO(Figure 5.2.10d) of the t = 17.5 nm film on STO(001) confirm 

the epitaxy of the orthorhombic phase. The twelve o(-111) poles indicate the presence of 

four in-plane crystal variants of o-HfO2. The epitaxial relationships with the STO 

substrate are [1-10]o-HfO2(111)//[1-10]STO(001) and [11-2]o-HfO2(111)//[1-

10]STO(001). 
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Figure 5.2.10 XRD measurements of the La:HfO2 films on STO(001) (left side) and Si(001) (right 

side): (a) XRD 2θ-χ maps obtained with a 2D detector. The χ range is from -10° to +10°. (b) 

XRD θ-2θ scans of films on STO(001) (left side) and Si(001) (right side)obtained with a point 

detector. (c) Out-of-plane lattice parameter determined from the θ-2θ scans. (d) Pole figures 

around o(-111) and STO(111) reflections of the t = 17.5 nm film on STO(001). 

The AFM topographic images of the La doped HfO2 films on STO(001) with different 

thickness are shown in Figure 5.2.11. The formation of terraces and steps can be clearly 

observed in all films, indicating a flat surface condition. The root mean square roughness 

of the 5 μm × 5 μm area is less than 2 Å in 4.5 nm, 6.9 nm, and 9.2 nm film, and slightly 

higher in 17.5 nm film (2.8 Å). 
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Figure 5.2.11 Topographic AFM images (5 μm × 5 μm) of La:HfO2 films on STO(001) with a 

thickness of (a) 4.5 nm, (b) 6.9 nm, (c) 9.2 nm, and (d) 17.5 nm. Insets: 1 μm × 1 μm topographic 

images. 

The ferroelectric polarization loops of films deposited on STO(001) and Si(001) are 

shown in Figure 5.2.12a-b. The loops are measured under the maximum electric field that 

can be applied to the thin films, and after 10 times cycles to avoid the possible wake-up 

effect discussed as follows and obtain comparable results. It can be seen that high 

remanent polarization can be obtained in 4.5 nm and 6.9 nm films with Pr around 26 and 

30 μC/cm2, respectively. With further increase of thickness, the value decreases to around 

10 μC/cm2 in 17.5 nm film. Similarly, in films deposited on Si substrate, the highest 

remanent polarization is obtained in 6.5 nm film with Pr about 32 μC/cm2. Note that the 

round shape of the loops near the maximum applied electric field is a symbol of the 

influence from leakage current, which can result in a possible overestimation of the 

remanent polarization within 2 μC/cm2.31 The dependence of the Pr on the thickness of 

the films on STO and Si substrates are plotted in Figure 5.2.12c. Both series exhibit a 

similar thickness dependence, with the maximum Pr in the 6.9 nm films. And with 

thickness decrease, the Pr decrease to around 26 μC/cm2 in 4.5 nm films, and with 

thickness increase, the Pr decrease to around 10 μC/cm2 in 17.5 nm films. Compared with 

the former results in epitaxial HZO and La doped HZO films on Si, here, films thinner 
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than 5 nm have the highest Pr.
65,164 The dependence of the coercive electric field and film 

thickness is indicated in Figure 5.2.12d. On both STO(001) and Si(001) substrates, the 

coercive filed decreases linearly with the increase of the thickness (in the logarithmic 

scale), with a slop around 0.5. It follows approximately the EC ∝ t−2/3 dependence usually 

observed in high-quality ferroelectric perovskite films169–171 and epitaxial HfO2-based 

films.65,164 

 

Figure 5.2.12 Polarization loops of the films on (a) STO(001) and (b) Si(001). Dependence on 

the thickness of the remanent polarization (c) and the coercive electric field (d) of the films on 

STO(001) (black squares) and Si(001) (red circles). 

The wake-up effect in La doped HfO2 films is explored under high electric field (Figure 

5.2.13) and lower electric field (Figure 5.2.14). The wake-up effect can be evidenced 

from double switching peaks in the current-voltage curves, simultaneously, causing a 

shrinkage of the polarization loop. This phenomenon can be observed in 4.5 nm, 6.9 nm 

and 9.2 nm films, as indicated in Figure 5.2.13a-c. However, the wake-up effect is nearly 

limited to the first cycles and the influence on the polarization value is negligible. In 

thicker films (17.5 nm), there is no visible wake-up effect (Figure 5.2.13d). 

Comparatively, when applying a lower electric field to cycle films (Figure 5.2.14), a more 

pronounced wake-up effect can be observed, leading to a longer increase of polarization 
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after cycling. Generally, the redistribution of oxygen vacancies or phase transition under 

electric field cycling are proposed as the reason for wake-up effect.156 In polycrystalline 

La:HfO2 films, the wake-up effect is explained by the redistribution of oxygen vacancies 

induced phase transition (from monoclinic phase to orthorhombic phase).74 Compared to 

polycrystalline La:HfO2 films,58,74,148 the wake-up effect in epitaxial films is less 

pronounced. The possible reasons23 for the negligible wake-up effect in epitaxial films 

compared to that of polycrystalline films are that (i) more stable electrodes (LSMO and 

Pt) used against oxidation, (ii) a lower number of defects in optimized epitaxial films, and 

(iii) a semi-coherent interface between the bottom electrode and the epitaxial 

HfO2 film. The dropping of high residual leakage at the maximum applied voltage after 

cycling also indicates the redistribution of the defects in the film, especially in thinner 

films (Figure 5.2.13a-b). 

 

Figure 5.2.13 Evolution with the number of cycles of current-voltage curves and the 

corresponding polarization loops of films on STO(001) with a thickness of (a) 4.5 nm, (b) 6.9 nm, 

(c) 9.2 nm, and (d) 17.5 nm under high voltage. 
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Figure 5.2.14 Current-voltage curves and polarization-voltage loops in pristine state and after 

10 cycles of La:HfO2 films on STO(001) of thickness (a) 4.5 nm, (b) 6.9 nm, (c) 9.2 nm under 

lower electric field. 

The leakage current of La:HfO2 films on STO and Si is shown in Figure 5.2.15a-b. It can 

be seen that the leakage current of films on STO is in the range of 8 × 10-4 A/cm2 to 8 × 

10-6 A/cm2 at 2 MV/cm. The highest leakage current is in the 4.5 nm film because the 

utra-low thickness. And the lowest leakage presents in 17.5 nm film. Interestingly, the 

6.9 nm film is also very insulating, with leakage current below 10-8 A/cm2 at low electric 

field and less than 5 × 10-8 A/cm2 at 1 MV/cm. Therefore, the 6.9 nm film combines 

high Pr of about 30 μC/cm2 and low conductivity. The films on Si substrate shows higher 

leakage current, with the range of 9 × 10-3 A/cm2 to 1 × 10-6 A/cm2 at 2 MV/cm. Figure 

5.2.15c-d indicate the dependence of leakage current with the film thickness at 1MV/cm 

and 2MV/cm. The overall tendency is that the higher leakage is present in the thinner film 

and the films on STO have lower leakage current. However, there is a local minimum in 

film with thickness around 7 nm. The reason is that leakage current is expected to 

decrease with film thickness increase, but on the other hand, the relative amount of 

monoclinic phase increase with thickness, thus leading to more incoherent grain 

boundaries between monoclinic phase and orthorhombic phase. And this kind of 

incoherent grain boundaries are known to act as current paths.165 The combination of both 

factors affecting leakage cause the local minimum at a thickness of around 7 nm in the 

leakage current-thickness graphs. Figure 5.2.15e shows the dielectric loops of the films 

on STO(001). The loops with thickness lower than 9.2 nm have a well-defined butterfly 

shape, but with thickness up to 17.5 nm, there is nearly no open shape. The dielectric 
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constant also has a clear dependence with the film thickness. The dielectric constant is 

around 30 in 4.5 nm and 6.9 nm films, and it reduces to around 28 in 9.2 nm film and to 

around 24.5 in 17.5 nm film. The decrease of dielectric constant is in agreement with the 

observed increase of monoclinic phase in films with thickness increase.  

 

Figure 5.2.15 Leakage current curves of the films on (a) STO(001) and (b) Si(001). Dependence 

of the leakage current at (c) 1 MV/cm and (d) 2 MV/cm for films on STO(001) (solid symbols) 

and Si(001) (empty symbols). (e) Dielectric constant loops of the films on STO(001).  

The endurance of the La:HfO2 films on STO with different thickness are shown in Figure 

5.2.16. In 4.5 nm film (Figure 5.2.16a), the pristine memory window is around 20 μC/cm2. 

After 10 cycles, the value increases to 25 μC/cm2, indicating slightly wake-up effect under 

electric field of 6.7 MV/cm, as discussed above. Further cycling results in gradually 

decrease of memory window and after 109 cycles, the 2Pr decreases to 6 μC/cm2. A 

similar behaviour can be observed in 6.9 nm film (Figure 5.2.16b) when cycling under 

-2000 -1000 0 1000 2000
10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

C
u
rr

e
n
t 
d
e
n
s
it
y
 (

A
/c

m
2
)

E (kV/cm)

 4.5 nm

 6.9 nm

 9.2 nm

 17.5 nm

0 5 10 15 20
1E-8

1E-7

1E-6

1E-5

1E-4

L
e
a
k
a
g
e
 c

u
rr

e
n
t 
(A

/c
m

2
)

Thickness (nm)

 @1 MV/cm, on STO

 @1 MV/cm, on Si

0 5 10 15 20
1E-8

1E-7

1E-6

1E-5

1E-4
L
e
a
k
a
g
e
 c

u
rr

e
n
t 
(A

/c
m

2
)

Thickness (nm)

 @2 MV/cm, on STO

 @2 MV/cm, on Si

(a) (b)

(c)

-2000 -1000 0 1000 2000
10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

C
u

rr
e

n
t 
d
e
n
s
it
y
 (

A
/c

m
2
)

E (kV/cm)

 4.5 nm

 6.9 nm

 9.2 nm

 17.5 nm

-6 -4 -2 0 2 4 6
22

24

26

28

30

32

34

D
ie

le
c
tr

ic
 c

o
n
s
ta

n
t

Voltage (V)

(d)

(e) Thickness



Chapter 5. Epitaxial Hf1-xZrxO2 and La-doped (Hf,Zr)O2 thin films 

99 
 

5.8 MV/cm, with 2Pr around 2.8 μC/cm2 after 1010 cycles. When cycling under higher 

electric field of 6.5 MV/cm and 7.2 MV/cm, highest memory window can be obtained at 

pristine state in 6.9 nm film, and then the capacitors suffer fatigue. 2Pr of 4 μC/cm2 is left 

when cycling under 6.5 MV/cm after 1010 cycles, but there is a hard breakdown when 

cycling under 7.2 MV/cm after 109 cycles. The endurance of 9.2 nm film is similar to that 

of thinner films, but the endurance is highly degraded in 17.5 nm film. This is because 

relatively low memory window in 17.5 nm film. If higher voltage is applied, there is a 

fast hard breakdown. The ionic conduction path formed at the boundaries between 

monoclinic and orthorhombic grains, more abundant in thicker films, as shown in XRD 

characterization, can be a relevant contribution.165 

 

Figure 5.2.16 Endurance measurements of the films on STO(001) with a thickness of (a) 4.5 nm, 

(b) 6.9 nm, (c) 9.2 nm, and (d) 17.5 nm. The electric field of the cycles is indicated in the top right 

of each panel. 

The influence of frequency on the fatigue and endurance has been explored in La:HfO2 

films on STO substrate (Figure 5.2.17). It can be seen that in 4.5 nm film, when cycling 

at 3V with 10kHz, the endurance is only 106 cycles and the capacitor suffers hard 

breakdown. When increase frequency to 1000kHz, the endurance can reach up to 109 

cycles. Furthermore, the polarization values have been normalized to the maximum Pr 

under each frequency, and the result indicates that with frequency increase, a slower 

fatigue can be obtained in films. Similar results also present in films with other thickness. 

Starschich et al.90 observed that hard breakdown occurred earlier, as the cycling 

frequency was lower, and they assumed that this was due to the suppression of generation 
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of oxygen vacancies at higher frequencies. Besides, a longer pulse also promotes the 

migration of free carriers towards domain walls, thus inducing a severer pinning effect.92 

On the other hand, there are also some reversal results about the influence of frequency 

on fatigue. Li et al.159 reported the endurance of La:HfO2 films, and the loss of 

polarization was more severe when the electric pulse was shorter. It was explained that 

the high density of charged domain walls in incompletely switched capacitors could be 

pinned and then cause fatigue. In the research of polycrystalline La:HfO2 film,172 the 

faster degradation under higher frequency was argued that oxygen vacancies migrated 

during each cycle from switchable regions to non-switchable regions, creating local fields. 

The intensity of the local field strength could increase with cycling until the domains of 

the initially switchable regions would be pinned. 

 

Figure 5.2.17 Memory window and normalized polarization of La:HfO2 on STO(001) films as a 

function of the number of cycles. Capacitors were cycled at a frequency of 10k (black squares), 

100k (blue squares) and 1000k (red squares). The film thickness is (a-b) 4.5 nm, (c-d) 6.9 nm, (e-

f) 9.2 nm, (g-h) 17.5 nm. The polarization values are normalized to the maximum Pr under each 

frequency. Open symbols indicate breakdown. 

The retention of the films with different thickness on STO substrate are shown in Figure 

5.2.18. The electric fields used for retention measurement are the same as that for 

endurance measurement. The experimental data are fitted (blue and red dashed lines) by 

the rational dependence Pr = P0⋅t−n to estimate the remanent polarization after 10 years, 

where P0 is initial polarization. The black vertical dash line marks the position of 10 years 

delay time. It can be seen that all measured films retain a fraction of the initial polarization 

after extrapolating to 10 years. In 4.5 nm and 17.5 nm films, the retained polarization is 

around 53% of the initial value. However, in 6.9 nm and 9.2 nm films, the percentage of 

retained polarization can as high as 69% and 63%, respectively.  
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Figure 5.2.18 Retention measurements of the films on STO(001) with a thickness of (a) 4.5 nm, 

(b) 6.9 nm, (c) 9.2 nm, and (d) 17.5 nm, and for positive (blue squares) and negative (red circles) 

poling fields. The electric field of the cycles is indicated in the top right of each panel. 

The wake-up effect of the 6.9 nm film on Si(001) is small and limited to a very few cycles, 

with Pr increasing from 32.4 to 34.1 µC/cm2 under cycling field of 4V. Then, the Pr 

gradually decrease with cycling, being 2Pr = 5.2 µC/cm2 after 5×109 cycles without 

dielectric breakdown. The film also exhibits excellent retention after being poled with the 

same electric field used to determine the endurance, maintaining 69% of the initial 

memory window.  

 

Figure 5.2.19 Endurance (a) and (b) retention of the 6.9 nm La:HfO2 film on Si(001). 
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In summary, epitaxial 2% La doped HfO2 films with thickness ranging from 4.5 nm to 

17.5 nm were grown on both STO and Si substrates. The films are dominated by 111 

oriented orthorhombic phase, with an increased fraction of monoclinic phase in films 
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of about 30 μC/cm2, slight wake-up, an endurance of at least 1010 cycles and a retention 

of more than 10 years, with the endurance and retention measured at the same poling 

voltage. La-doped HfO2 films even as thin as 4.5 nm also show robust ferroelectricity. 
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5.2.3 Impact of epitaxial stress on La:HfO2 film 

5.2.3.1 Film growth 

Epitaxial bilayers of 2 % La:HfO2 (LHO) films on bottom LSMO bottom electrodes (t = 

25 nm) were grown in a single process by PLD (KrF excimer laser). A set of (001)-

oriented cubic and (110)-oriented rhombohedral and orthorhombic substrates were used. 

For the sake of simplicity, a pseudocubic cell is used here for the rhombohedral and 

orthorhombic substrates, their orientation being (001) in this setting. The lattice (cubic or 

pseudocubic) parameter of the used substrates is in the as = 3.71-4.21 Å range. The 

La:HfO2 films were deposited at a substrate temperature of 800 °C under a dynamical 

oxygen pressure of 0.1 mbar.  

5.2.3.2 Structure characterization 

 

Figure 5.2.20 (a) XRD q-2q symmetric scans of films deposited on different substrates.  XRD q-

2q symmetric scans around the o(111) reflection of the (b) LHO/LSMO/TbScO3 and (c) 

LHO/LSMO/GdScO3 with longer acquisition time. The red curves are simulated result. 

The XRD q-2q symmetric scans of all films are investigated. The red vertical dash line 

indicates the position of o(111) reflection from La:HfO2 films and the black dash line 

marks the position of the (002) reflection in bulk LSMO. It can be seen that the LSMO 

(002) peak position varies with the applied substrates because the misfit induced between 

the substrate and LSMO. In contrast, there is no significant variation of the peak position 

of o(111) reflections. What’s interesting is that the intensity of o(111) reflections of 

La:HfO2 films depends strongly on the substrates. A very low intensity of o(111) 

reflections presents in the films deposited on (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT), 

LaAlO3(LAO) and YAlO3(YAO). Comparatively, a higher intensity indicates in the films 

deposited on scandate substrates, like TbScO3 and GdScO3. The film thickness is 
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determined by Laue simulation around the Laue fringes from the o(111) reflections, as 

indicated in Figure 5.2.20. The fitted thickness is around 8.8 and 9.1 nm for films 

deposited on TbScO3 and GdScO3, respectively. The surface condition of all films is 

revealed by AFM topographic images. It can be seen that the film surface is flat, with root 

mean square (rms) less than 4 Å, and a morphology of terraces and steps can be 

appreciated in some of the images. The rms roughness is plotted as a function of the lattice 

parameter of the substrate, indicating that surface roughness is around 2 Å except for the 

film on MgO (around 3.2 Å). 

 

Figure 5.2.21 Topographic AFM images (5 × 5 μm and 1 × 1 μm in the inset) of LHO films on 

indicated substrates. 

The XRD 2θ-χ frames of all films, shown in Figure 5.2.22a, further evident the impact of 

the substrate on the formation of HfO2 phases. It is noticed that the o(111) is a bright 

circular spot, whereas the m(002) reflection is generally elongated along χ direction, 

signalling higher mosaicity. Figure 5.2.22b shows the θ-2θ scans around the o(111) peak 

position. Quantification of the different phases presence is summarized in Figure 5.2.22c. 
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The intensity of the orthorhombic peak is plotted as a function of the out-of-plane LSMO 

lattice parameter (cLSMO). It can be observed that the general trend is that the o(111) peak 

intensity increases while decreasing the cLSMO. At the same time, less monoclinic phase 

is formed. The coexistence between monoclinic and orthorhombic phases can be further 

confirmed by the cross-sectional high-angle annular dark field (HAADF) images 

collected by STEM images shown in Figure 5.2.22d for the LHO film grown on SrTiO3. 

First, one can observe that different grains with different contrast exist. The presence of 

monoclinic and orthorhombic grains is identified and there is only very few monoclinic 

phase formed in this film, as indicated from the XRD data. In Figure 5.2.22e, a zoom of 

an orthorhombic grain allows to better visualize its crystalline structure. 
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Figure 5.2.22 (a) XRD 2θ-χ frames of the LHO/LSMO bilayers. The 2θ and χ ranges are 

integrated from 20 to 50° and from -10 to +10°, respectively. (b) XRD θ-2θ symmetric scans of 

the LHO/LSMO bilayers. Vertical solid line at 2θ around 30.1° marks the position of the o(111) 

peak in the films. (c) The extracted phase intensity versus out-of-plane lattice parameter of LSMO. 

(d) Cross-sectional HAADF STEM images of LHO/LSMO films on SrTiO3 substrate. The images 

were acquired along the [110] zone axes of the substrates. Bottom insets are magnified images 

of the regions indicated above. (e) Zoom of an orthorhombic grain in (d).  

5.2.3.3 Electrical characterization 

Figure 5.2.23a shows the P-E loops for all the samples. The hysteresis loop can be 

observed in all films. It can be seen that the relatively larger Pr presents in the films 

deposited on TbScO3, GdScO3, and SrTiO3 substrates with a value around 29 mC/cm2, 25 

mC/cm2 and 23 mC/cm2, respectively. This is consistence with the relatively higher o 

phase ratio determined in the XRD measurement. Comparatively, a small Pr value around 

5.3 mC/cm2 presents in the films deposited on YAlO3 and LaAlO3 substrate. The I-V loops 

are included in Figure 5.2.23b. The coercive voltage is very similar in all the films, except 

that grown on LaAlO3, ascribed to the significant lower amount of orthorhombic phase 

in this sample. 

 

Figure 5.2.23 (a) Ferroelectric polarization loops of the LHO films and (b) corresponding 

current-voltage curves. 

Quantified Pr value versus the out-of-plane LSMO lattice parameter, (cLSMO), is shown in 

Figure 5.2.24a. For comparative, the results obtained in HZO grown on the same 

substrates (results belonging to the thesis of Dr. Saúl Estandía) are also included. It can 

be observed that with cLSMO decrease, the Pr increases in both La and Zr doped HfO2 films, 

with a larger Pr in La doped HfO2 films. In Figure 5.2.24b, a clear increase of Pr can be 
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observed with the increase of the normalized o(111) peak intensity. The orthorhombic 

diffraction peak intensity is normalized to the maximum value of the La:HfO2 film on 

GdScO3 based on the XRD data in Figure 5.2.22. The influence of cLSMO on o(111) out-

of-plane lattice parameter, do(111) value, is not significant (Figure 5.2.24c). The 

dependence of Pr with do(111) value is shown in Figure 5.2.24d. It seems that the HZO 

films with smaller do(111) value have larger Pr, but this is not obvious in the La doped films. 

Thus, it exists a clear dependence between the amount of the orthorhombic phase 

determined by the different used substrates and Pr. Instead, the dependence between Pr 

and out of plane lattice parameter of orthorhombic (111) seems less significant. On the 

other hand, the larger Pr in La doped films when using the same substrate also indicates 

that chemical doping can cooperate with the epitaxial stress imposed by the substrate to 

improve the remanent polarization value. 

 

Figure 5.2.24 (a) Remnant polarization as a function of cLSMO. (b) Remnant polarization as a 

function of the normalized intensity of the XRD o(111) reflection for the LHO film on GdScO3. (c) 

do-HZO(111) as a function of cLSMO. (d) Remnant polarization as a function of do-HZO(111).  
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Conclusion  

In summary, the use of different substrates for the growth of La:HfO2 film has been shown 

to be relevant to determine the amount of the metastable orthorhombic ferroelectric phase. 

The mismatch between the substrate and the LSMO induced stress is useful to modulate 

the lattice parameter of deposited LSMO, which is ultimate responsible for the amount of 

the stabilized orthorhombic phase in the films. We have found that the ferroelectric 

polarization magnitude is directly connected to the amount of the stabilized orthorhombic 

phase. In comparison with Zr doped films, films with La stabilize greater amount of 

orthorhombic phase irrespectively of the used substrate and the highest remanent 

polarization reaches up to 29 mC/cm2 in films grown on TbScO3. 
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5.3 Epitaxial La-doped Hf0.5Zr0.5O2 and La-doped (Hf,Zr)O2 thin films 

 

 

Abstract 

 

Doping ferroelectric Hf0.5Zr0.5O2 with La is a promising route to improve endurance. 

However, the beneficial effect of La on the endurance of polycrystalline films may 

accompanied by degradation of the retention. Here, we have investigated whether this 

endurance-retention dilemma also occurs in epitaxial 1 % La-doped HZO (La:HZO) 

films. The results indicate that ferroelectric polarization and coercive voltage are greater 

than that of undoped HZO epitaxial films, and the leakage current is substantially 

reduced. The wake-up effect, common in polycrystalline La:HZO films, is limited to few 

cycles in epitaxial films. The films exhibit fatigue, but endurance exceeds 1010 cycles, and 

accompanied by retention of more than 10 years. This demonstrates that there is no 

intrinsic dilemma between endurance and retention in La-doped HZO films. The final 

chapter of this section details a comprehensive study of the crystal phases and 

ferroelectric polarization in the HfO2-ZrO2-La2O3 ternary system. 
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Introduction 

Doping is a promising method to stabilize the ferroelectric o-phase and optimize the 

ferroelectricity for HfO2-based thin film. One of extensively investigated dopant is Zr, 

since the wide doping window and low crystallization temperature.147 La is another 

promising dopant with large atomic radius to achieve high remanent polarization and 

good ferroelectric properties (low leakage current and long endurance).74,148 In order to 

combine the advantages from the two dopants, La has been introduced to improve the 

ferroelectric properties of HZO film.96,173–175 However, the beneficial effect of La on the 

endurance of polycrystalline films may be accompanied by degradation of retention.96 In 

first section, we explored the epitaxial 1% La doped HZO film with different thicknesses. 

The results indicate that La decreases the degradation of polarization with thickness 

increase. Despite fatigue, endurance in epitaxial La-doped films is more than 1010 cycles, 

and this good property is accompanied by excellent retention of more than 10 years, which 

proves that there is no endurance-retention dilemma in La-doped epitaxial HZO films.  

The improved endurance in La doped HZO film makes HfO2-ZrO2-La2O3 ternary system 

interesting for further exploration. In second section, the epitaxial Lay:Hf1-xZrxO2 films 

with x =0, 0.5, 1 and y=0-0.1 are systematically investigated. When increasing the Zr 

content, a lower La content is more suitable for achieving higher Pr, and the optimized Pr 

of about 30 μC/cm2 can be obtained in 2% La:HZO film. 

5.3.1 Epitaxial Ferroelectric La-Doped Hf0.5Zr0.5O2 Thin Films 

5.3.1.1 Film growth 

 

Figure 5.3.1 XRD q-2q scans of t = 13 nm films on (a) LSMO/STO(001) and (b) 

LSMO/STO/Si(001). Red curves are simulations of Laue oscillations. 
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La doped HZO films with composition of Hf0.5Zr0.49La0.01O2 were grown (800°C, 0.1 

mbar of O2) on STO(001) and STO/Si(001) substrates buffered with a La0.67Sr0.33MnO3 

electrode with thickness 25 nm. The film thickness ranges from 4.5 nm to 13 nm, as 

shown in Figure 5.3.1, by estimating from simulation of Laue oscillations. The fitting 

curves were simulated considering peak position 2q = 30.111° and thickness of 130.6 Å 

(N = 44 and c = 2.968 Å), for the film on STO(001), and 2q = 30.357° and thickness of 

129.5 Å (N = 44 and c = 2.944 Å) for the film on Si(001). 

5.3.1.2 Structure characterization 

  

Figure 5.3.2 XRD θ-2θ scans of La:HZO films on (a) LSMO/STO(001) and (b) 

LSMO/STO/Si(001). Right panels: scans acquired with a longer time. (c) Out-of-plane o-

HZO(111) lattice distance of La:HZO films on LSMO/STO(001) (red triangles) and 

LSMO/STO/Si(001) (black squares), plotted as a function of thickness. Out-of-plane lattice 

distance values of epitaxial undoped HZO on LSMO/STO(001) (blue squares) and 

LSMO/STO/Si(001) (red square) are plotted for comparison. 
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5.3.2a-b. From bottom to top, the thickness is increasing from 4.5 nm to 13 nm. It can be 
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111 reflections, with longer acquisition time, are indicated in the right panel of Figure a 

and b. With thickness increases, the 111 peaks are narrower and the Laue oscillation is 

more clear. What different between the films on STO and Si is that the reflections around 

34°, corresponding to monoclinic HZO{200}, is nearly not visible in films on STO, but 

more evident in films grown on Si substrates. Furthermore, the out-of-plane (oop) lattice 

parameter of o-HZO(111), do-HZO(111), is determined from the θ-2θ scans in Figure 5.3.2 a 

and b. The dependence of the do-HZO(111) value versus the thickness is plotted in Figure 

5.3.2c. It can be seen that no matter on STO or Si substrates, the oop parameter decreases 

slightly with t up to t ∼ 8 nm, and the value remains constant in the thicker film (t ∼ 13 

nm). Similar dependence (blue squares) was found for undoped HZO films on 

STO(001).65 The relatively lower do-HZO(111) value in the films on Si is a consequence of 

the large mismatch of the thermal expansion between the oxides and silicon. The smaller 

thermal expansion coefficient of Si introduces an in-plane tensile stress to La doped HZO 

films during cooling, thus causing contraction of the out-of-plane do-

HZO(111) parameter. The comparison of the do-HZO(111) value between the La doped film and 

the undoped HZO films indicates that a slightly larger d values are in the series of doped 

films, which is different from the reported slight shrinkage for polycrystalline HZO films 

doped with similar La content.96,176 

The XRD 2q-c frames and pole figure are shown in Figure 5.3.3. Bright spots from 

substrates and La:HZO films around c=0 can be observed. In the films on STO substrate, 

the o(111) peaks are intense, while the monoclinic reflections are nearly not visible, 

indicating a very low amount of monoclinic phase in epitaxial La:HZO films, smaller 

than that in equivalent epitaxial undoped HZO films.65,157 In polycrystalline films, the 

La:HZO films also show similar reduction of monoclinic phase ratio.96,176 In the films 

deposited on Si substrates, the tracks of monoclinic {002} phase is more evident, 

especially in the films thicker than 8 nm, with elongated low intensity spots along c 

direction. The pole figure (Figure 5.3.3 c-d) presents 12 spots and corresponding 

integrated peaks from o(-111) reflections, indicating four in-plane crystal variants and the 

same epitaxial relationship as the films without La.28,177 In summary, XRD confirms that 

the orthorhombic phase present in the La-doped HZO films has grown epitaxially but 

exhibits crystal variants and coexists with a minority monoclinic phase. 
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Figure 5.3.3 XRD 2q-c frames of films on (a) LSMO/STO(001) and (b) LSMO/STO/Si(001). The 

HZO thickness is indicated in the corresponding frame. Dashed green line rectangles mark the 

position of the m-HZO{002} reflections. XRD pole figures of t = 8.3 nm La:HZO film on STO(001), 

from (c) o-HZO(-111) and STO(111) reflections. (d) Corresponding -scans around o-HZO(-111) 

and STO(111). 

The surface characterization indicates that terrace and step morphology are shown in 

La:HZO films on STO(001) (Figure 5.3.4a), revealing a very flat surface condition. The 

root-means-square (rms) roughness is less than 0.2 nm in all films and the line 

topographic profiles show height variation of less than 1 nm over a distance of 5 μm. 

Comparatively, terraces are not distinguished in films grown on Si(001) (Figure 5.3.4b), 

but the rms is around 0.2-0.3 nm and height profiles are within the range of 2 nm along a 

distance of 5 μm, still indicating a flat surface state.  
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Figure 5.3.4 Topographic AFM images, 5 µm × 5 µm, of the films on (a) LSMO/STO(001) and 

(b) LSMO/STO/Si(001). The thickness of the films is indicated at the upper of each image. A 

height profile along the marked horizontal green lines are shown below each image. The inset 

in each image is 1 µm × 1 µm scanned area. 

5.3.1.2 Electrical characterization 

Figure 5.3.5a and b show the polarization loops of the films on STO(001) and Si(001). 

Clear hysteresis loops present in all films, indicating ferroelectric properties. The round 

shape at the maximum applied voltage indicates the influence from the leakage current. 

The dependence of the remanent polarization and coercive field versus film thickness are 

shown in Figure 5.3.3c and d. It can be observed that the Pr value of the La:HZO films 

deposited on STO(001) (blue down triangles) in the 20-30 μC/cm2 range. Pr is around 20 

μC/cm2 in the 4.8 nm film, increases to ∼28 μC/cm2 in the 6.2 nm film, and for thicker 

films, reduces with a thickness of up to ∼21 μC/cm2 in the 13 nm film. The undoped HZO 

films (green squares) have the similar dependence on thickness. But apparently, La-doped 

films have higher Pr than undoped films, especially in the thicker thickness range. On the 

other hand, remanent polarization of La:HZO films on Si(001) decreases monotonically 

with thickness (red up triangles), from larger than 30 μC/cm2 in 4.8 nm film to 21 μC/cm2 

in 13 nm film. Similar high Pr in thickness less than 10 nm films and reduction tendency 

was reported for undoped HZO films integrated epitaxially on Si(001) using yttria-

stabilized zirconia (YSZ) buffer layers (pink circles). Overall, no matter on STO or Si 

substrate, the reduction of polarization in thicker thickness range is less for La doped 
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films than that for undoped ones. The higher remanent polarization in thicker films could 

be due to the lower amount of monoclinic phase in La-doped HZO films. Undoped HZO 

films with very large remanent polarization were also integrated epitaxially on STO-

buffered Si(001) wafers (orange diamond), but the dependence on thickness was not 

reported.29  

 

Figure 5.3.5 Polarization loops of La:HZO films on STO(001) (a) and Si(001) (b). Dependence 

of remanent polarization (c) and coercive field (d) on thickness for La:HZO films on STO(001) 

(blue down triangles) and Si(001) (red down triangles). Data reported for epitaxial undoped HZO 

films on STO(001) (green squares) and YSZ-buffered Si(001) (pink circles) are included. The 

error bar on remanent polarization corresponds to the standard deviation among around 10 

different measured capacitors. 

The dependence between the coercive field and film thickness is plotted in Figure 5.3.5d. 

As thickness increases from 4.8 nm to 13 nm, Ec decreases from 3.7 to 2.3 MV/cm in 

films on STO(001) (blue up triangles) and from 4.2 to 2.5 MV/cm in films on Si(001) 

(red down triangles). It can be seen from the fitting (dash line) that Ec of the films on both 

substrates depends on thickness, following the Ec ∝ t-2/3 scaling law. This experience law 

is common in ferroelectric perovskites, but is rare in polycrystalline ferroelectric HfO2 

based films.169,178 This rule can also be observed in epitaxial undoped HZO films.30,65 

When compare with the undoped HZO films, the Ec of La doped HZO films is slightly 

-10 -5 0 5 10

-40

-20

0

20

40

La:HZO/STO/Si

 4.8 nm
 6.3 nm
 8.3 nm
 13 nm

E (MV/cm)
P

 (
m

C
/c

m
2
)

-10 -5 0 5 10

-40

-20

0

20

40

La:HZO/STO

P
 (

m
C

/c
m

2
)

E (MV/cm)

 4.8 nm
 6.3 nm
 8.3 nm
 13 nm

4 8 12 16 20

2

3

4

5

6
 La:HZO/STO
 La:HZO/STO/Si
 HZO/STO
 HZO/YSZ/Si

 

 

E
c
 (

M
V

/c
m

)

Thickness (nm)

(a)

(d)

(b)

(c)

4 6 8 10 12 14 16 18 20 22
0

10

20

30

40
 HZO-STO

 HZO-YSZ/Si

 La:HZO-STO

 La:HZO-STO/Si

 HZO-STO/Si

P
r 

(µ
C

/c
m

2
)

Thickness (nm)

 

 

DLCC 1kHz



Chapter 5. Epitaxial Hf1-xZrxO2 and La-doped (Hf,Zr)O2 thin films 

116 
 

higher, which is contrary to the reduction of Ec by approximately 30% in polycrystalline 

HZO films doped with the same 1% mol La.174,179  

Leakage current curves of La doped HZO films on STO are shown in Figure 5.3.6a. Low 

leakage current can be obtained in 4.8 nm film, around 10-6 A/cm2 at 1 MV/cm and 10-

5 A/cm2 at 2 MV/cm. With thickness increase, leakage current decreases by around on 

order of magnitude in 13 nm film. Films on Si(001) are slightly more leaky (Figure 

5.3.6b), with the leakage current of the thinner film around 3 × 10-6 A/cm2 at 1 MV/cm 

and 5 × 10-5 A/cm2 at 2 MV/cm. Similarly to the films on STO(001), leakage is 

significantly reduced with thickness. The dependence between the leakage current at 2 

MV/cm and film thickness is shown in Figure 5.3.6c. For comparison, the leakage current 

from equivalent epitaxial undoped HZO films on STO(001) is also included.65 It is 

observed that the leakage current of epitaxial La-doped HZO films is considerably 

reduced, 1-2 orders of magnitude, compared to equivalent undoped HZO films. 

 

Figure 5.3.6 Leakage current of La:HZO films on (a) STO(001) and (b) Si(001). (c) Dependence 

of leakage current on thickness for La:HZO films on STO(001) (blue up triangles) and Si(001) 

(red down triangles). Reported data for epitaxial undoped HZO films on STO(001) (green squares) 

are included. 

To check the possible wake-up effect in La doped HZO films, the I-V and P-V loops of 

each films were measured at pristine, after 10 and 100 cycles under the electric field 

indicated in Figure 5.3.7. It can be seen that the 4.8 nm film (Figure 5.3.7a-b) shows a 

double peak in the I-V curve and a pinched polarization loop in the pristine state. The two 

current peaks get closer to each other after 10 cycles, and merge to one peak after 100 

cycles. At the same time, there is no shrinkage in the P-V loop. In 6.3 nm film (Figure 

5.3.7c-d), the two current peaks are closer and low amplitude at pristine state, and after 

10 cycles, only a smaller secondary peak on the positive side. With more cycles, this peak 

disappears. The corresponding ferroelectric loops show a significant increase in 
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polarization with respect to the pristine state. In contrast, no differences in the I-V curves 

are observed between the pristine state and the 10 times cycled 8.3 nm film. After 100 

cycles, there is a diminish of shoulder at the higher voltage side. Consistence with the I-

V change, the polarization loops show no significant differences, and there is only a very 

slight reduction in polarization after 100 cycles. Finally, in the 13 nm film, there is only 

one single switching peak, decreasing with cycling process. The corresponding 

polarization loops show a reduction in remanent polarization with cycling. Therefore, the 

wake-up effect of epitaxial La doped HZO films is highly dependent on film thickness. 

Similar results can be observed in films grown on Si substrate (Figure 5.3.8). In 4.8 nm 

and 6.3 nm films, there is an apparent increase of switching current amplitude after 10 

cycles. But in thicker films, it is nearly a constant. Compared with undoped epitaxial HZO 

films, the wake-up effect is more evident in La doped HZO film, but limited to 10 or 100 

cycles. On the other hand, in polycrystalline films, the wake-up effect increases strongly 

compared to undoped films, extending to a larger number of about 107 cycles.174,179,180 

Therefore, the strong reduction or suppression of the wake-up effect in epitaxial La:HZO 

films with respect to polycrystalline La:HZO films is relevant. 

 

Figure 5.3.7 (a) Current-voltage (I-V) curves measured in the pristine state and after 10 and 100 

cycles and (b) the corresponding polarization-voltage (P-V) loops for the t = 4.8 nm film on 

STO(001). I-V curves and P-V loops for the t = 6.3, 8.3, and 13 nm films are shown in panels 

(c,d), (e,f), and (g,h), respectively.  
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Figure 5.3.8 (a) Current-voltage (I-V) curves measured in the pristine state and after 10 and 100 

cycles and (b) the corresponding polarization-voltage (P-V) loops for the t = 4.8 nm film on 

Si(001). I-V curves and P-V loops for the t = 6.3, 8.3, and 13 nm films are shown in panels (c,d), 

(e,f), and (g,h), respectively. 

The endurance of the films on STO are shown in Figure 5.3.9. The capacitors are cycled 

until hard breakdown (marked by empty symbols) or until a fatigued state with Pr reduced 

to below 1.5 μC/cm2. A set of endurance measurements was carried out for each sample 

by cycling the capacitors with pulses of different amplitudes. The 4.8 nm film is cycled 

under 6.5 MV/cm, and because the wake-up effect mentioned above, there is a clear 

increase of the remanent polarization after 10 cycles. Memory window gradually 

decreases under additional cycling, and dielectric breakdown happens after 109 cycles. 

When applying higher electric field (7.6 MV/cm), the capacitor breaks after 107 cycles 

with retained memory window around 14 μC/cm2. However, cycling under lower electric 

field (5.4 MV/cm), there is no hard breakdown. The wake-up effect is elongated to around 

100 cycles, with maximum memory window around 11 μC/cm2, and then 2Pr decreases 

to around 3 μC/cm2 after 5×1010 cycles because of fatigue. The observed wake-up effect 

is consistent with the results in polycrystalline films with lower amplitude or shorter 

applied pulse, indicating a possible reason from defects redistribution.90,181 The change 

of leakage current with number of cycles is measured under the same electric field for 

endurance. The leakage current is nearly constant at first 104 cycles, but additional cycling 

increases it sharply under higher electric field (7.6 MV/cm). With electric field decrease, 

the threshold cycling number increases to 106 cycles under 6.5 MV/cm, and there is nearly 

without increase of leakage current when cycling under lower electric field (5.4 MV/cm). 

The polarization loops of 6.3 nm film measured at 5.1 MV/cm also indicate wake-up 

effect at first 10 cycles, with maximum 2Pr around 25 μC/cm2. After additional cycling, 
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memory window decreases to around 2 μC/cm2 without breakdown. Enhanced electric 

field favours higher memory window but leading to breakdown and leakage increase 

within smaller cycling numbers. On the contrary, the lower electric field (4.3 MV/cm) is 

beneficial to longer endurance and the limitation of leakage current increase, but 

decreases the memory window. 

 

Figure 5.3.9 (a) Polarization-voltage P-V loops, (b) endurance, and (c) evolution of current 

leakage with the number of cycles for the t = 4.8 nm film on STO(001). The P-V loops, endurance, 

and evolution of current leakage with the number of cycles corresponding to the t = 6.3 nm, 8.3 

nm, and 13 nm films are shown in panels (d-f), (g-i), and (j-l), respectively. Empty symbols 

indicate the last measured data point before breakdown. 

Thicker films do not show wake-up effect, and polarization decreases continuously with 

cycling. In 8.3 nm film, hard breakdown occurs after 2 × 107 cycles at 5.4 MV/cm or 2 × 

109 cycles at 4.9 MV/cm. There is no breakdown under lower electric field of 4.3 or 4.0 
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MV/cm, but memory window decreases to around 3 μC/cm2 after 1010 cycles because of 

fatigue. The threshold cycling number for leakage current increases from 105 to 108 with 

electric field decrease from 5.4 to 4 MV/cm. In 13 nm film, breakdown happens after 

109 cycles at 4.0 or 3.6 MV/cm, while for a lower applied field of 3.2 MV/cm, the 

polarization decreased to 2Pr = 2.3 μC/cm2 after 107 cycles. The endurance measurements 

of the La:HZO films on Si(001) are summarized in Figure 5.3.10. The influence of the 

switching voltage on endurance follows the observed dependences of the films on 

STO(001), although the maximum endurance of films on Si is limited to around 

109 cycles. The limitation of the endurance is also because the fatigue or the high leakage 

current induced breakdown. 

 

Figure 5.3.10 (a) Endurance and (b) variation of current leakage measured at 1 MV/cm with the 

number of cycles for the t = 4.8 nm film on Si(001). The endurance and variation of current 

leakage with the number of cycles corresponding to the t = 6.3 nm, 8.3 nm, and 13 nm films are 

shown in panels (c,d), (e,f), and (g,h), respectively. 

The threshold cycles of leakage current versus electric field for different film thickness 

are shown in Figure 5.3.11a. As can be seen in Figure 5.3.9-5.3.10, the leakage current 

remains constant for a certain number of cycles but increases sharply by several orders of 

magnitude after a threshold. With electric field increase, the threshold cycles decreases. 

And at the same electric field, the higher threshold cycles present in thinner films. The 

defects generated by cycling probably accumulate at the boundaries between the grains 

and the crystal variants. The observed threshold in the number of cycles suggests that the 

new defects only have an impact on the leakage when their density is high enough to 

allow percolation. The endurance of films on STO(001) with different thickness under 

varying electric field is shown in Figure 5.3.11. Generally, hard breakdown limits the 

endurance when applying higher electric field, and thus indicating a relatively low 
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endurance. Under lower electric field, higher endurance can be achieved in thinner films, 

but in 13 nm film, the endurance is limited by low memory window. A similar thickness 

dependence had been observed in polycrystalline HZO films,182 although breakdown 

fields in epitaxial films are much higher.  

 

Figure 5.3.11 (a) Map of the threshold of the number of cycles for an abrupt leakage increase as 

a function of electric field and thickness of films on STO(001). (b) Map of endurance as a function 

of electric field and thickness of films on STO(001). Empty symbols indicate breakdown. 

Figure 5.3.12a-d shows the polarization retention of the films on STO(001), measured in 

the pristine state at room temperature. Retention of the 4.8 nm film is highly dependent 

on the direction of poling, with the remanent polarization extrapolated to 10 years being 

2 μC/cm2 for positive voltage and larger than 10 μC/cm2 for negative poling. The 

asymmetry is less in thicker films, and the extrapolated remanent polarization for both 

positive and negative poling is high in all films. Data collected at 85 °C in 

representative 8.3 nm samples on STO and Si are plotted in Figure 5.3.12e-f. Data show 

that the retention is still high at high temperature with extrapolated polarization at 10 

years larger than 5 μC/cm2. We have quantified retention by fitting the measured data to 

the Pr = P0td
–k equation (dashed lines in a-d), where td refers to the time after poling. The 

graph of the exponent k against thickness, in Figure 5.3.12g, confirms that the asymmetry 

is much greater in the 4.8 nm film than in the other films including data measured at 85 °C. 

The corresponding graph for the films on Si(001) is shown in Figure 5.3.12h. The results 

confirm the observations on STO: strong asymmetry in the film of thickness less than 5 

nm and very long retention in the thicker films for both poling directions. Imprint field, 

current leakage, and depolarizing field are expected to determine the influence of poling 

direction and film thickness on retention. Imprint field, critical in the asymmetry, may 

depend on the presence of the monoclinic phase, more important in thicker films, and also 
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on the characteristics of the voltage pulses applied (amplitude, time, and polarity).180 

Current leakage decreases monotonically with thickness, which favors a better retention 

in thicker films. However, the effect of leakage depends on spatial inhomogeneities, 

mainly because of grain boundaries, and on the possible coexistence of electronic and 

ionic contributions with different time scales. Finally, thinner films should be more 

unstable because of the larger depolarization field, although their larger Ec will have the 

opposite effect. Nevertheless, the excellent properties of the epitaxial La-doped HZO 

films are achieved with endurance that exceeds 1010 cycles, and the films simultaneously 

exhibit good retention for more than 10 years under the same poling voltage (Figure 

5.3.13). A poling voltage of around 3 V can allow the use of the capacitors in a 

ferroelectric random access memory. 

 

Figure 5.3.12 Polarization retention at room temperature of (a) t = 4.8 m, (b) t = 6.3 nm, (c) t = 

8.3 nm, and (d) t = 13 nm films on STO(001). Polarization retention at 85 °C of films with t = 8.3 

nm on (e) STO(001) and (f) Si(001). Lines are fits to the Pr = P0td
–k equation for positive and 

negative poling. The vertical dashed lines mark a time of 10 years. The k parameter plotted for 

positive and negative poling as a function of thickness for films on (g) STO(001) and (h) Si(001). 
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Figure 5.3.13 Polarization retention of (a) 4.8 nm and (b) 8.3 nm films on STO(001). Lines are 

fits to Pr=P0td
-k equation for positive and negative poling of indicated amplitude of electric field. 

The vertical dashed lines mark a time of 10 years. 

Conclusion  

In summary, the ferroelectric properties (polarization, endurance, and retention) of 1% 

La doped HZO film deposited on STO(001) and Si(001) with different thickness were 

systematically investigated. La doping favors the increase of ferroelectric polarization, 

particularly for films with thickness over 10 nm. Compared to serious drawback in 

polycrystalline La doped films, it is limited to approximately 100 cycles in epitaxial film 

and only presents in thinner film. La doping is not benefit to reduce the coercive field, 

but it significantly reduces the leakage current in the films. Under electric field cycling, 

the films indicate endurance exceeds 1010 cycles, companying fatigue. And the films 

simultaneously exhibit very high retention more than 10 years. These demonstrate that 

there is no intrinsic dilemma between endurance and retention in La-doped HZO films. 
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5.3.2 Epitaxial Ferroelectric La-doped (Hf,Zr)O2 thin films 

5.3.2.1 Film growth 

Epitaxial Lay:Hf1-xZrxO2 films with x=0, 0.5, 1 and y=0~0.1 are were grown on STO(001) 

substrates buffered with a LSMO electrode with thickness 25 nm. Detailed deposition 

conditions are shown in chapter 3. The film thickness is around 7~10 nm, as shown in 

Figure 5.3.14, by estimating from simulation of Laue oscillations. The film thickness 

could be alerted by the significant composition difference or density difference of the 

targets. 

 

Figure 5.3.14 (a) Laue simulations of 5% La doped HfO2, HZO and ZrO2 thin films. (b) The 

thickness of films with different compositions. 

5.3.2.2 Structure characterization 

The XRD θ-2θ scans of the La doped HfO2, HZO and ZrO2 thin films (the heterostructure 

is sketched at the left) are shown in Figure 5.3.15a-c, respectively. The two highest peaks 

are related to STO(001) and STO(002) at 2q 23° and 2q 46°. The corresponding 

reflections of LSMO are at the right side of the substrate peaks. The reflections related to 

the thin films are in the 2q range of 26 - 35°, which is zoomed by high resolution scans 

and indicated at the right side. The peak around 30° is at the position of the o(111), c(111) 
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and t(101) reflections of hafnium polymorphs, companied by Laue fringes. It can be seen 

that with La content increase, there is a clear shift of the peak to a lower 2q angle. And 

this kind of shift is much obvious in films with higher Zr content. Apart from the peaks 

around 30°, some other peaks can also be observed. In figure 5.3.15a, m-(-111) peak at 

2q 28.4° presents in the undoped and the 1 at% doped HO films. And in 10 at% La 

doped film, the peak corresponding to m-{200}, o-{200}, t-(002) or c-(200) reflections 

can be found at 2q 34.5°. Comparatively, the peak at 2q 28.4° is scarcely  observable 

in La:HZO (Figure 5.3.15b) and La:ZO films (Figure 5.3.15c), whereas, the peak at 2q 

34.5° is more evident.  

 

Figure 5.3.15 Sketches and  XRD q-2q scans of (a) La:HO films, (b) La:HZO films and (c) 

La:ZrO2 films. Vertical dash line marks the position of the o(111)/c(111)/t(101) peak in the 0% 

La doped film. The La content is indicated at the right side of q-2q scans. The high resolution q-

2q scans of the film peaks are indicated at the right side. 
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The out-of-plane lattice parameter (d) of the peaks around 30° is shown in Figure 5.3.16. 

In La:HO films (Figure 5.3.16a), the d value is around 2.98 Å in the 0 - 5 at% La doped 

films and increases to 3.00 Å in the 7.5 - 10 at% La doped films. The expansion of d 

value in La doped HfO2 films is associated to the presence of cubic phase.74 The variation 

of d value in La:HZO (Figure 5.3.16b) and La:ZO (Figure 5.3.16b) films is similar. With 

La content increase, the d value increases from around 2.96 Å in the undoped films to 

around 3.02 Å in the 10 at% La doped films, which is proposed to the presence of cubic 

or tetragonal phase in polycrystalline films.96,183  

 

Figure 5.3.16 The out-of-plane lattice parameter of the peaks around 30° of (a) La:HO, (b) 

La:HZO and (c) La:ZO films as a function of La content. 

 

Figure 5.3.17 The XRD 2q-c images of La:HO, La:HZO and La:ZO films with different La 

content. 
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The 2q-c maps of La:HO, La:HZO and La:ZO films with different La content are shown 

in Figure 5.3.17. Bright spots can be found around c=0, indicating good epitaxial 

relationship with substrate.  Compared with the q-2q scans, there is absence of other 

symmetrical reflections. In summary, La:ZO and La:HZO films have less m(-111) phase, 

but more m,o-{200}, t-(002) or c-(200) phase than La:HO films, and the (111)-oriented 

cubic and/or tetragonal phases can be present, particularly in the 10 at% La films. 

 

Figure 5.3.18 The HAADF cross sectional images of (a) La:HO, (b) La:HZO and (c) La:ZO films. 

The yellow arrows indicate the interface with the bottom LSMO electrode.  

To further identify the phases formed in the films, HAADF cross-sectional images of HO 

(Figure 5.3.18a), 2 at% La:HO (Figure 5.3.18b) and pure ZO (Figure 5.3.18c) films are 

collected in an aberration-corrected STEM. From the comparison between the 

arrangement of the sublattices and the cation model from VESTA, the phase formed in 

the film can be identified. The phases formed in the HO and 2 at% La:HO films are a 
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mixture of o(111) and m(-111) crystallites. In Figure 5.3.18c, the yellow rectangular area 

follows the structure of o phase with orientation of (001). However, the left and right 

sides of the o-phase likely signal the formation of t/c phase. Therefore, the ZO film 

(Figure 5.3.18c) is composed of a mixture of i) o(111) and/or t(101), ii) o(001), and iii) 

t(001) and/or c(001) phases. 

5.3.2.2 Electrical characterization 

 

Figure 5.3.19 (a) Remanent polarization of La:ZO (blue symbols), La:HZO (red symbols) and 

La:HO (black symbols) as a function of La content, and remanent polarization of 0% La 

Hf0.25Zr0.75O2 (pink star) and Hf0.75Zr0.25O2 (green diamond) films. Color maps of (b) Pr and (c) Vc 

as a function of Zr and La content. 

Figure 5.3.19a shows the remanent polarization of films with different composition. The 

P-V loops measured at the maximum voltage before breakdown are shown in appendix 1. 

It can be seen that the content of La and Zr has a distinct influence on the Pr value of the 

HfO2-based thin films. In La:ZO series (blue symbols), the high Pr up to 30 µC/cm2 can 
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noted that the high Pr in pure ZrO2 film, as discussed in chapter 5.1, could be companied 

with ferroelectric polarization switching and resistive switching contributions or other 

contributions, and thus Pr is overestimated. In La:HZO series (red symbols), the Pr is 20 

µC/cm2 in HZO film and increases to 28 µC/cm2 in 2 at% La doped HZO film. Additional 

doping to 5 at% results in vanishing of switching current peaks, as indicated in appendix 

1. In terms of La:HO series (black symbols), the Pr is very low in pure HfO2 film and 

increases to 20-22 µC/cm2 in the 2-5 at% La doped HO film. Further increasing La 

content leads to decreasing of polarization and disappearing in the 10 at% La doped film. 

The influence of Zr content on the HfO2-based thin films without La doping is also 

included in the Figure 5.3.19a. With Zr content decreasing, the polarization gradually 

reduces. In summary, when increasing the Zr content, a lower La content is more suitable 

for achieving higher Pr (2-5% in HO, 1-2% in HZO and 0% in ZO). Polarization increases 

with Zr content in Hf1-xZrxO2 films without La doping. Figure 5.3.19b sketches the map 

of La-Zr content for high ferroelectric polarization (larger than 25 µC/cm2, white colored) 

in HfO2-ZrO2-La2O3 ternary system. Interestingly, there is also an optimized doping 

range for relatively lower coercive field of near 2 V (Figure 5.3.19c) with high Pr. 

Dielectric constant loop is also effective method to obtain the ferroelectric and crystal 

phases information. Figure 5.3.20a-c presents the dielectric constant loops of La:ZO, 

La:HZO and La:HO films, respectively. The extracted dielectric constants at maximum 

applied voltage with different La content are shown in Figure 5.3.20d. The dielectric 

permittivity of o, t, c, and m phases of HfO2 are around 24-29, 24-57, 36, and 19-25,36,37 

respectively, as shown in Figure 5.3.20d for comparison. It can be seen that in La:ZO 

series (Figure 5.3.20a), the hysteresis is not obvious in pure ZrO2 film, which is probably 

related to the high coercive voltage (appendix 1). The permittivity is around 26 in pure 

ZrO2 film and increases to 35 in 2 at% La:ZO with slight hysteresis, and then dropping 

to 25 in 10 at% La doped film. The relative lower permittivity value of ZrO2 film indicates 

a higher fraction of o/t phase, and lower fraction of c phase. The value is similar to that 

reported for undoped ZO polycrystalline films.184 The high permittivity and low Pr value 

in 2 at% La:ZO film reveal the increase of t/c phase and decrease of o phase. However, 

the low permittivity and vanishing of ferroelectric switching in 10 at% La doped ZrO2 

film signal the possible dominated m/t phase and low c phase. The formation of 

pyrochlore La2Zr2O7 phase, with dielectric constant around 23, in highly La doped films 

could also be responsible for the low permittivity.185 
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Figure 5.3.20 Dielectric constant loops for (a) La:ZO, (b) La:HZO, and (c) La:HO films. (d) 

Dielectric constant as a function of the La content for La:ZO (green circles), La:HZO (purple up 

triangles), and La:HO (red down triangles). Ranges of values of permittivity expected for 

monoclinic (M), orthorhombic (O), tetragonal (T) and cubic (C) HfO2 are indicated at the right. 

In La:HZO series (Figure 5.3.20b), the hysteresis can be clearly observed in undoped, 1 

at% and 2 at% La doped films, and is less evident in the 5 at% film and finally not 

observable in 10 at% doped film. The permittivity is around 24 in the undoped and 1 at% 

doped films, rises to 32 in the 2 at% La:HZO film, and about 35 in the 5 and 10 at% 

La:HZO films. Combining the polarization and permittivity value, a phase change 

tendency can be proposed with La content increase, that mixture of o and m phase, to o 

phase dominated, to mixture of o and c phase, and finally c phase dominated. In La:HO 

series (Figure 5.3.20c), the butterfly shape is not observable in HfO2 and 1 at% doped 

film, but very evident in the 5 and 7.5 at% La doped films. In terms of the permittivity 

value, it increases from around 22 in HfO2 and 1 at% doped film to 30 in the 2 at% doped 

film, and reaches 31-32 in the 5-10 at% doped films. The variation implies that m phase 

dominates in the film with La less than 1 at%, and high amount of o phase in 2-5 at% 

films, but c phase dominates in the film with higher La content. 
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Conclusion  

In summary, the synergic doping effect of La and Zr on the stabilized polymorphs and 

the ferroelectric properties of epitaxial HfO2-based thin films is comprehensively 

explored. In Hf1-xZrxO2 films, the decreasing of Zr content favors the formation of m 

phase. In La:HZO and La:HO films, La favors the formation of o phase in low content, 

but c phase in highly La doped films. With Zr content decreasing, the optimized La 

content shifts from 0% for ZrO2 to 2-5% for HfO2, and the Pr of about 20-30 µC/cm2 can 

be obtained in the optimized HfO2-ZrO2-La2O3 ternary system.  
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Appendix 1 

 

Figure A5.3.1 The polarization-voltage loops and current-voltage loops of films with different 

compositions. (a-b) La:ZO, (c-d) La:HZO and (e-f) La:HO. 
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Chapter 6. Endurance and switching mechanisms 

One of the critical issue of ferroelectric HfO2-based thin films is the coexistence of non-

polar phases (like monoclinic phase) with the ferroelectric ones. This coexistence is 

detrimental for Pr. However, the influence of paraelectric phase on other ferroelectric 

properties, such as endurance, and switching dynamics, is still under study. Using 

different substrates, the relative amount of orthorhombic (ferroelectric) and monoclinic 

(paraelectric) phases can be controlled. First, the endurance of epitaxial Hf0.5Zr0.5O2 

(HZO) films with different orthorhombic/monoclinic ratio is investigated. Epitaxial HZO 

films almost free of parasitic monoclinic phase suffer severe fatigue. In contrast, fatigue 

is mitigated in films with greater amount of paraelectric phase. It is argued that the 

enhancement of endurance in films with coexisting phases results from the suppression 

of pinned domain propagation at ferroelectric-paraelectric grain boundaries, whereas in 

pure o-phase film, there is a rapid increase of the size of the pinned domains. Second, a 

direct comparison of switching dynamics in epitaxial 1%La doped HZO films with pure 

orthorhombic phase and coexisting orthorhombic/monoclinic phase is conducted. 

Switching spectroscopy analysis reveals that pure orthorhombic phase films follow the 

Kolmogorov-Avrami-Ishibashi (KAI) switching model. Instead, the mixed 

orthorhombic/monoclinic phase films show nucleation limited switching (NLS). Films 

having larger fraction of non-ferroelectric phase with concomitant larger number of 

incoherent grain boundaries show 2 orders of magnitude faster switching time. Overall, 

it is observed that in epitaxial film the presence of non-ferroelectric phase is not 

necessarily detrimental for endurance and switching speed. 
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6.1 Effects of crystal phases on endurance 

 

 

 

 

 

 

Abstract 

 

Retention and endurance in epitaxial HZO films with different orthorhombic/monoclinic 

ratio, modulated by epitaxial stress using different substrates, is investigated. Long 

retention presents in films regardless of the relative amount of parasitic m-phase. 

However, endurance is highly sensitive to the o/m phase ratio.  The films with more 

ferroelectric o-phase suffers more prominent fatigue, whereas, in the films with more 

paraelectric m-phase, fatigue is less severe. This suggests that fatigue could be 

intrinsically severe in ferroelectric hafnia films. Orthorhombic-monoclinic grain 

boundaries are proposed to reduce propagation of domain pinning, allowing endurance 

increase. 
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Introduction 

Ferroelectric HfO2-based thin films have aroused great attention for applications.8,22,186–

188 Besides polarization, retention and endurance are also fundamental properties of 

ferroelectrics for its use in memories. Retention of ferroelectric HfO2 capacitors is 

generally reported to be longer than 10 years,28,29,189,190 but as mentioned in previous 

chapter, a possible retention-endurance dilemma exists.96 Fatigue in ferroelectrics is 

generally related to the domain pinning or nucleation inhibition during cycling, which is 

associated to the accumulation of oxygen vacancies and/or injection of charges.86,96,191–

195 Epitaxial HfO2-based thin films with less defects than polycrystalline films are 

expected to be less affected by fatigue. However, the reported behaviour is opposite, with 

epitaxial films showing a significant reduction of polarization under cycling.28,29,164 

Aiming to gain insight into the unexpected increased fatigue of epitaxial films, the 

endurance of epitaxial HZO films with different orthorhombic/monoclinic ratio, 

controlled by  the use of different substrates,14 is investigated. Epitaxial HZO films with 

almost free parasitic monoclinic phase suffer severe fatigue. In contrast, fatigue is 

mitigated in films with greater amount of paraelectric phase. It is argued that the 

enhancement of endurance in films with coexisting phases results from the suppression 

of pinned domain propagation at ferroelectric-paraelectric grain boundaries, whereas in 

pure o-phase film, there is a rapid increase of the size of the pinned domains.  

6.1.1 Structure characterization 

Epitaxial HZO films (9.5 nm thick) and LSMO electrodes (25 nm thick) were grown by 

pulsed laser deposition. A series of HZO/LSMO bilayers were deposited on a set of (001)-

oriented cubic or pseudocubic oxide substrates: SrTiO3 (STO), DyScO3 (DSO), GdScO3 

(GSO), TbScO3 (TSO), NdScO3 (NSO), MgO, and ((LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT). 

Details on growth conditions of the films are reported elsewhere.14 The XRD 2θ-χ frames 

of HZO/LSMO bilayers on MgO, STO, and GSO are shown in Figure 6.1.1a-c. The spots 

corresponding to reflections of the substrates and the LSMO electrode, as well as to HZO 

film can be observed. The film on MgO exhibits circular o-HZO(111) reflection and 

elongated m-HZO(002) spots. In the film deposited on STO substrate, both reflections 

can still be detected, but intensity for o-HZO(111)-phase increases and for m-HZO(002) 

phase decreases. The 2θ-χ frame of the film on GSO shows a similar o-HZO(111) bright 

spot, but there is no monoclinic spot. Thus, there is coexistence of o-phase and m-phase 
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in the HZO film on STO, and the o/m phase ratio is relatively lower in the film on MgO 

and much higher in the film on GSO. These results illustrate that substrate selection 

allows controlling the relative amount of the orthorhombic and monoclinic phases in HZO 

film. 

 

Figure 6.1.1 XRD 2θ-χ frames of HZO/LSMO bilayers on (a)MgO, (b)STO, and (c)GSO. 

6.1.2 Retention of films with different o/m-phase ratio 

 

Figure 6.1.2 (a) Polarization loops of the HZO/LSMO/GSO sample measured after the indicated 

delay times. (b) Remanent polarization as a function of the time. The red dotted lines are fits to 

the Pr = P0 td
−k dependence. The vertical black dotted line marks 10 years’ time. (c) Extrapolated 

Pr and (d) normalized Pr after 10 years of all samples, plotted against the normalized intensity of 

the o-HZO(111) diffraction spot. 
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The retention of the HZO film on GSO is shown in Figure 6.1.2a-b. The polarization 

loops measured from PUND method indicates a clear progressive decrease of the 

remanent polarization after increase of the delay time from 1s to 104s. The dependence of 

the Pr versus the delay time after applying positive or negative 4.5 V pulses is represented 

in Figure 6.1.2b. The data show a slow reduction in the polarization with the increase of 

the delay time. By fitting the data using Pr = P0 td
−k dependence (red dash line),196 the 

extrapolation of Pr to 10 years (black vertical dotted line) indicates a value larger than 6 

μC/cm2. The films on other substrates also show long retention, with an average (positive 

and negatively poled) remanent polarization in the 2-9 μC/cm2 range after extrapolated 

to 10 years. The raw data of retention measurements are shown in appendix 1. Films with 

a lower amount of orthorhombic phase (on MgO and LSAT substrates) show a lower 

extrapolated Pr after 10 years (details of normalized orthorhombic phase intensity are 

reported elsewhere14). However, there is no obvious dependence of Pr after 10 years 

normalized to P0 on the amount of orthorhombic phase, with a value around 45% to initial 

polarization. Thus, all films exhibit a prolonged retention regardless of the relative 

amount of parasitic m-phase, and the presence of an in-plane bulk depoling field 

generated by the m-phase96 does not seem to have important impact on retention. 

6.1.3 Endurance of films with different o/m-phase ratio 

Figure 6.1.3 presents the current density-voltage (J-V) curves and the corresponding 

polarization loops of films on GSO (large amount of orthorhombic phase), MgO (low 

amount of orthorhombic phase), and STO (mixture of orthorhombic and monoclinic 

phases). The measurements were done in the pristine state (Figure 6.1.3a-b), after 104 

cycles (Figure 6.1.3c-d) and after 107 cycles (Figure 6.1.3e-f) at 4.5 V. It can be seen that 

in pristine state, apparent ferroelectric switching peaks present in all films, with larger 

peak area in the films on GSO and STO than on MgO substrate. The higher coercive 

voltage in negative side indicates an imprint field pointing toward the bottom LSMO 

electrode. The average coercive and imprint voltages are around 2.7 V and 0.6 V, 

respectively. The corresponding polarization loops are presented in Figure 6.1.3b. 2Pr 

values are 26.8 μC/cm2 (HZO on GSO), 24.6 μC/cm2 (HZO on STO), and 12.2 μC/cm2 

(HZO on MgO). Note that the Pr is measured with the same maximum voltage amplitude 

of 4.5 V for the endurance tests, which is unsaturated state. Saturated polarization loops 

measured in pristine state with higher maximum voltage amplitudes are shown in 

appendix 2. The Pr values in the saturated loops are 25.6 μC/cm2 (HZO on GSO), 15.7 
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μC/cm2 (HZO on STO), and 9.7 μC/cm2 (HZO on MgO), which is consistent with the 

relative amount of the o-phase in the films.14  

 

Figure 6.1.3 (a) J-V curves and (b) corresponding polarization loops of HZO films on GSO, STO 

and MgO. The measurements were performed in pristine state. (c-d) Equivalent measurements 

after 104 cycles (square pulses of 4.5 V amplitude). (e-f) Equivalent measurements after 107 cycles. 

After 104 cycles, the ferroelectric switching peaks are still evident in all films, but the 

area below the current peaks has decreased and it has become similar in the films on GSO 

and MgO. This indicates fatigue in all three samples, and particularly severe in the film 

on GSO. Simultaneously, the memory window decreases to 8.9 μC/cm2 (HZO on GSO), 

15.1 μC/cm2 (HZO on STO), and 9.9 μC/cm2 (HZO on MgO). Fatigue happens after 107 

cycles with nearly negligible ferroelectric switching peak in the film on GSO. 2Pr of this 

film is estimated to be around 5 μC/cm2, including some contribution (around 2 μC/cm2) 
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due to leakage. The fatigue is less severe in the other two samples. 2Pr after 107 cycles is 

8.7 and 6.1 μC/cm2 in the films on STO and MgO, respectively. 

 

Figure 6.1.4 Endurance of epitaxial HZO films on different substrates, measured with 4.5 V 

square pulses. (a) 2Pr as a function of number of cycles. (b) Normalized Pr as a function of number 

of cycles. The open symbols indicate hard breakdown of the capacitor. 

Figure 6.1.4a shows the variation of 2Pr of all films with the number of cycles with bipolar 

amplitude of 4.5 V. The initial memory window changes from 36 μC/cm2 (TSO) to 24.6 

μC/cm2 (STO) and to 9.5 μC/cm2 (LSAT), which follows the relative amount of o-phase 

in the films on each substrate.14 And there is no wake-up effect in any sample, and fatigue 

happens from the first cycles. Fatigue is severe in the films on scandate substrates with 

memory window decreasing to 5.1-6.3 μC/cm2 after 107 cycles. In contrast, the film on 

STO has 2Pr = 8.7 μC/cm2 after the same number of cycling and the films on MgO and 

LSAT, which present very low polarization in the initial state, show a slight decrease of 

2Pr to 6.1 and 3.7 μC/cm2, respectively. Further cycling leads to hard breakdown in the 

films on TSO and GSO (2×107 cycles), and DSO and NSO (108 cycles). The film on STO 

undergoes breakdown after 2×108 cycles, but it still retained 2Pr of 5.8 μC/cm2. In contrast, 

the films on MgO and LSAT do not exhibit hard breakdown after 109 cycles, although 

2Pr drops to 2.5 and 1.6 μC/cm2, respectively. Therefore, the endurance of epitaxial HZO 

is highly dependent on the substrate. To better compare the fatigue in each film, the 

memory window after different cycling numbers is normalized to the initial value, as 

shown in Figure 6.1.4b. It can be observed that films with a lower content of o-phase 

(higher content of m-phase) exhibit slower fatigue and longer endurance. However, the 

films on scandate substrates, with almost single o-phase, suffer severe fatigue and shorter 

endurance.  
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Figure 6.1.5 (a) Dielectric constant loops of the HZO films with an excitation voltage of 50 mV 

at 20 kHz. (b) Percentage of Pr after 106 cycles, plotted as a function of the intensity of the XRD 

o-HZO(111) reflection (normalized to the value of the HZO/DSO sample). (c) Loss of remanent 

polarization with cycling with respect to the value after ten cycles, plotted as a function of the 

corresponding change in imprint field in the polarization loops. (d) Leakage current in the 

pristine state and after 106 cycles evaluated at 1 V as a function of the normalized intensity of the 

XRD o-HZO(111) reflection. 

The dielectric constant loops of the films, measured in the pristine state, are shown in 

Figure 6.1.5a. The films on scandate substrates with almost pure o-phase present a well-

defined butterfly shape and permittivity around 30 at saturation. The dielectric constant 

is smaller in the film on STO with majority of o-phase and minority of m-phase. In the 

films with high amount of m-phase (MgO and LSAT), the permittivity is further reduced 

and the butterfly shape is less obvious. Thus, the different relative amount of o and m 

phases in the films is reflected on their dielectric constant loops. There is also a direct 

dependence of fatigue on the amount of o-phase (Figure 6.1.5b). The normalized Pr after 

106 cycles indicates a clear decrease with the normalized intensity of the o-HZO(111) 

diffraction peak. Therefore, films with more nonpolar m-phase show less fatigue. It is 
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also found that during capacitor cycling there is a progressive change in the imprint field 

in each film (Figure 6.1.5c). Imprint is extrapolated from the current-voltage curves, as 

shown in appendix 3. During the first 10 cycles there is no correlation between fatigue 

and imprint field, maybe because very small wake-up effects are coexisting. However, 

after the first ten pulses, there is a correlation between the cumulative loss of polarization 

(fatigue, ΔPr(cycles) = (Pr(cycles) - Pr(10 cycles))) and the change in imprint field 

(internal field, ΔEimp(cycles) = (Eimp(cycles) - Eimp(10 cycles))) among all the films during 

cycling. This signals that the amount of charged defects or injected charges increases in 

each film during cycling, and that these charged defects/injected charges are responsible 

for the fatigue. The magnitudes of polarization loss and change in imprint field are small 

in the films on MgO and LSAT (large amount of m-phase) and high in the films on 

scandate substrates (large amount of o-phase). Figure 6.1.5d indicates the leakage current 

as a function of the relative o-phase intensity at pristine and after 106 cycles. It can be 

observed that in the pristine state, the peak of leakage current is at the film with 

intermediate o-phase amount, which signals that the incoherent m/o grain boundaries 

dominate the leakage current. These incoherent m/o grain boundaries are likely to provide 

film with better charge source, which could compensate the injected carriers and is 

expected to induce less imprint and slower fatigue. However, after 106 cycles, the leakage 

current is similar in all films irrespectively of the o-phase amount. This means that the 

leakage current in cycled films is dominated by the new generated defects. Therefore, 

leakage current and number of defects increase by cycling cannot explain by itself the 

better endurance for films having high amount of parasitic m-phase. An alternative 

scenario is proposed below to explain the fatigue phenomenon observed above. 

Figure 6.1.6a shows a STEM cross-sectional image of the film on STO. There is a mesh 

of columnar orthorhombic (ferroelectric) and monoclinic (paraelectric) HZO grains of 

lateral size of around ten nanometers. Each orthorhombic grain is a single variant, and the 

incoherent boundaries between o and m grains extend vertically from the bottom to the 

top of the HZO layer. In this film, and in the films on LSAT and MgO, m and o grains 

coexist, while the amount of m-phase is very low in the films on the scandate substrates. 

The HZO films on scandate substrates exhibit also columnar topology, with a single 

crystal variant in each grain and coherent boundaries between them.14 The strong 

dependence of o/m phase ratio on the substrate, and the columnar topology of the grains, 

can be a relevant factor for the different fatigue of the films. 
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Figure 6.1.6 (a) Cross-sectional STEM image of the HZO/LSMO/STO(001) sample, showing 

orthorhombic (o) and monoclinic (m) columnar grains. Grain boundaries are marked by yellow 

arrows. (b-e) Sketch of the endurance degradation by fatigue in films with small (b-c) and high 

(d-e) amount of grains of paraelectric m-phase. Oxygen vacancies are represented by blue circles. 

Blue and black arrows represent pinned and unpinned dipoles, respectively, oriented along [001] 

in the (111) oriented orthorhombic film. 

Figure 6.1.6b sketches the HZO film with majority o-phase grains, extending from the 

bottom to the top electrode. Note that only a single crystal variant is sketched at here for 

the sake of simplicity. Black arrows indicate the direction of the [001]-oriented dipoles 

(tilted by 57° respect to the out-of-plane direction), after the top electrode is poled 

positively. Pinning of ferroelectric domains, resulted from charged defects or injected 

charges, has been proposed to be a main cause of fatigue in HZO films.86,197,198 In o-phase 

dominated films, after cycling (Figure 6.1.6c), the charged oxygen vacancies in the 

interface between the HZO film and top Pt electrode could pin a volume of domains 

(pinned dipoles are indicated by blue arrows). The pinning and fast propagation of pinned 

domains in o-phase dominated film will be cyclically repeated in different places of the 

film, resulting in a severe fatigue during the electrical cycling process. In the sketched 

case, oxygen vacancies are pinned at the Pt/HZO interface, and the imprint electric field 
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is also toward LSMO/HZO interface. Therefore, an additional contribution to the Eimp 

toward LSMO is present.  

The reason of the fast propagation of pinned domains in o-rich film is that the boundary 

(signaled by an arrow) with an unpinned region would be charged when the latter switches. 

Figure 6.1.7 shows a representation of two ferroelectric domains, one of them pinned due 

to charged oxygen vacancies, within a grain having a single crystal variant. When the 

adjacent non pinned domain switches, the opposite polarization direction will produce 

charged domain wall. For the pinned domain, Ex would not affect its polarization state. 

Instead, for the adjacent unpinned domain with antiparallel polarization direction, the 

presence of Ex will promote the switching towards the opposite state, resulting in an 

effective downwards electric field (Ez) which will act as an effective downwards imprint 

field. Therefore, the adjacent unpinned domain will tend to switch back to the same 

polarization direction as the pinned domain, as shown in the right side of the sketch. This 

happens in the film with a large amount of o-phase (Figure 6.1.6c), whereas, the present 

of nonpolar phase will substantially mitigate this adverse interaction (Figure 6.1.6e). 

 

Figure 6.1.7 Sketch of in-plane electric field induced by charged domain walls resulting in 

pinning of an adjacent ferroelectric domain. 

In contrast, films with coexisting of o and m grains (Figure 6.1.6d, e) are more stable 

under electric cycling. When the pinning happens at the interface with electrode 

(represented by blue circles), the rapid propagation of a pinned domain according to the 

mechanism proposed above would be limited to the particular grain in which domain 

pinning begins (red color). Other o-phase grains, separated by m-phase grains, will not 

be affected and their polarization will be switched (black arrows) when appropriate 

electric field is applied. In addition, the incoherent grain boundaries199 between o and m-

phases allow conduction of mobile charges, further favoring the screen of the in-plane 

polarization component. The increase of the imprint field when the films are cycled can 
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be related to many aspects, including the evolution of the charged domain walls, the 

balance between generation of charged defect and injected charges, and the 

uncompensated ferroelectric bound charges. In any case, the imprint and fatigue are lower 

in the films having higher amount of m-phase, indicating that the coexistence of o with 

non-ferroelectric m-phase, which a priori appeared to be negative, turns out to be positive 

to enhance the endurance, one of the main ferroelectric properties. 

Conclusion  

In summary, retention and fatigue in epitaxial HZO films with different 

orthorhombic/monoclinic ratio, controlled by using different substrates, is investigated. 

Long retention presents in films regardless of the relative amount of parasitic m-phase. 

However, endurance is highly dependent on the o/m phase ratio. Films almost free of 

parasitic phase, i.e., the closest to single crystalline like films, exhibit strong fatigue. This 

suggests that fatigue could be intrinsically severe in ferroelectric hafnia. Films with 

greater amount of parasitic m-phase appreciates slower fatigue and longer endurance. 

Grain boundaries of o/m phase are proposed to reduce propagation of domain pinning, 

allowing to increase the endurance.  
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Appendix 1. 

 

Figure A6.1.1 Remanent polarization as a function of time of HZO films on (a) DSO, (b) GSO, 

(c) TSO, (d) NSO, (e) STO, (f) LSAT, (g) MgO substrate. Red dotted lines are fits to the Pr = P0 

td
-k dependence. Vertical black dotted line marks 10 years’ time, as indicated, polarization state 

of all films can be retained more than 10 years. In (h), the k values at 4.5V are summarized and 

no obvious dependence of the k on the amount of orthorhombic phase. 

  

100 101 102 103 104 105 106 107 108 109
-20

-15

-10

-5

0

5

10

15

20
4.5V

4V

P
r 

(m
C

/c
m

2
)

Time (s)

GSO

100 101 102 103 104 105 106 107 108 109
-20

-15

-10

-5

0

5

10

15

20
4.5V

4V

3.5V

P
r 

(m
C

/c
m

2
)

Time (s)

Model retention (User)

Equation A*x^(-k)

Plot B

A 15.8846 ± 0.29318

k 0.04462 ± 0.00483

Reduced Chi-Sqr 0.11336

R-Square (COD) 0.97785

Adj. R-Square 0.96677

TSO

100 101 102 103 104 105 106 107 108 109
-10

-5

0

5

10

4.5V

P
r 

(m
C

/c
m

2
)

Time (s)

LSAT

100 101 102 103 104 105 106 107 108 109
-10

-5

0

5

10
4.5V

4V

P
r 

(m
C

/c
m

2
)

Time (s)

MgO

DSO GSO TSO NSO STO LSATMgO
0.00

0.05

0.10

0.15

k

 P

 N

4.5V

100 101 102 103 104 105 106 107 108 109
-20

-15

-10

-5

0

5

10

15

20
4.5V

4V

P
r 

(m
C

/c
m

2
)

Time (s)

STO

100 101 102 103 104 105 106 107 108 109
-20

-15

-10

-5

0

5

10

15

20
4.5V

4V

P
r 

(m
C

/c
m

2
)

Time (s)

DSO

100 101 102 103 104 105 106 107 108 109
-20

-15

-10

-5

0

5

10

15

20
4.5V

4V

P
r 

(m
C

/c
m

2
)

Time (s)

NSO

(a) (b)

(c) (d)

(e) (f)

(g) (h)



Chapter 6. Endurance and switching mechanisms 

146 
 

Appendix 2. 

 

Figure A6.1.2 The polarization-voltage loops of films on (a) GSO, (b) STO, and (c) MgO 

substrate after different cycling numbers. 

Appendix 3. 

 

Figure A6.1.3 The current-voltage loops of films on (a) GSO, (b) DSO, (c) TSO, (d) NSO, (e) 

STO, (f) LSAT, (g) MgO substrate after different cycling numbers. (h) The imprint field of HZO 
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films on different substrates after different cycling numbers. The direction of the imprint is 

towards bottom LSMO electrode. Imprint is extrapolated from the current-voltage curves. The 

internal field is determined by Eimp=(Ec+ + Ec-)/2. Coercive voltage Ec+ and Ec- are 

extrapolated from the current-voltage curve by Gauss fit, as indicated in figure f. 
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6.2 Effects of crystal phases on switching mechanisms 

 

 

 

 

 

Abstract 

 

Investigation of the switching speed and the switching dynamics mechanism is of the 

highest relevance for industry applications of HfO2-based thin films. Results on the 

switching dynamics spectroscopy of epitaxial ferroelectric 1%La doped Hf0.5Zr0.5O2 films 

with different orthorhombic/monoclinic phase ratio are explored. In films with pure 

orthorhombic phase, switching dynamics can be modeled by the Kolmogorov-Avrami-

Ishibashi (KAI) mechanism with large characteristic switching time (≈1 μs), which is 

shortened in fatigued junctions. However, when the ratio of monoclinic/orthorhombic 

phase increases, the switching time shorten. A characteristic switching time of 69 ns in 

pristine state for applied electric field parallel to the imprint enables preliminary 

neuromorphic-like behavior with fast electric stimulation. Thus, the presence of defects 

or paraelectric phase is found to improve the switching speed, contrary to what one can 

expect a priori. 
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Introduction 

Polarization switching dynamics characterization is directly related to the applications 

and underlying switching mechanisms of HfO2-based thin films. In polycrystalline films, 

the switching dynamics follows nucleation limited switching (NLS) model by expansion 

of the residual (pinned) domains.200–204 Some reports that the increase of remanent 

polarization by wake-up or optimized concentration is correlated with an increase of the 

characteristic switching time.201,202 While, in contrast, the increase of polarization after 

high pressure annealing process results in shorter switching time.203 Besides, the direct 

comparison between epitaxial and polycrystalline films reveals that epitaxial film has 

more homogeneous nucleation but with a slower switching time than polycrystalline 

film.205 Despite the fact that several works have investigated domain dynamics in 

ferroelectric hafnium thin films, some of conclusions are contradictory. Thus, further 

exploration is still needed to fully understand switching dynamics, especially related to 

the influence of microstructure and defects. In this part, we directly compared the 

switching dynamics of epitaxial films with well-controlled microstructure, particularly 

the impact of the paraelectric monoclinic phase. Meanwhile, the potentiation/depression 

and Spike-Timing-Dependent Plasticity neuromorphic-like behaviour is demonstrated. 

Sample preparation 

1% La doped Hf0.5Zr0.5O2 films with thickness of 7 nm were deposited on STO and GSO 

substrates buffered by LSMO bottom electrode to modulate the o/m-phase ratio in the 

thin films. The mechanism of phase control can be found elsewhere.14 The films were 

prepared by PLD with conditions mentioned in Chapter 3. These films have been selected 

due to their low leakage current, especially necessary to avoid larger extrinsic 

contribution in the experiment analysed in the present chapter. 

6.2.1 Switching dynamics of film with pure o-phase 

The XRD 2θ-χ map of the La:HZO film on GSO is shown in Figure 6.2.1a. Apart from 

the reflections from the GSO substrate and LSMO electrode, there is one clear reflection 

at χ = 0° and 2θ = 30.2° corresponds to the o-HZO(111) reflection. And no other phases 

have been detected, the same as the film reported before.14,199 Figure 6.2.1b shows the P-

V and I-V loop from PUND measurement, the switching current peaks and hysteresis 

loop confirm the ferroelectric character. The integrated remanent polarization is around 

15 μC/cm2 and the coercive voltages are 2.6 and -3.1 V, denoting the imprint field towards 
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LSMO bottom electrode. Figure 6.2.1 c-d shows the change of polarization versus write 

pulse duration of the film under positive and negative electric field with different 

amplitude, respectively. The raw data before removing the leakage contribution is shown 

in appendix 1. It can be observed that the switching starts at around 200 ns (Vw = 4 V) 

and when decreasing voltage, the onset switching time does not vary but ΔP is reduced. 

The data are fitted by KAI model (red line), ∆P =  ∆Ps ∗ (1 − e−(τw/τ0)
𝑛)), where τ0 is the 

characteristic switching time, n is the dimensionality exponent and Ps is the saturated 

switched polarization. At maximum applied voltage (4V), the fitting parameters are 

τ0=1.4 µs and n=1.6. With voltage decrease, the n value decrease, but always larger than 

1, following KAI model. The obtained n > 1 indicates mixture of 1D and 2D domain wall 

propagation. For decreasing applied voltage, τ0 slightly increase, which is a phenomenon 

commonly reported in other ferroelectric thin films.206 The switching data of the epitaxial 

La:HZO films on the GSO substrate can be well described by the KAI model. 

 

Figure 6.2.1 (a) XRD 2θ-χ map of the La:HZO film on GSO. (b) Current-voltage loop and 

corresponding polarization-voltage loop measured at 10 kHz and maximum voltage of 4 V. 

Dependence of ΔP on τw after (c) positive and (d) negative Vw pulses of the indicated amplitude. 

Red lines are the fitting of the data by the KAI model. 

For the negative part, the τ0=2.4 µs and n=1 are extracted from the fitting. The reason for 

the larger τ0 compared to positive side is the effect form the negative imprint, as mention 
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in Figure 6.2.1b. In addition, the n value near 1 reflects 1D domain wall propagation 

dominates. This kind of asymmetric domain wall propagation is attributed asymmetric 

defect distribution in film along the out-of-plane direction, which is also the origin of the 

imprint.207  

 

Figure 6.2.2 ΔP dependence on τw for (a) positive and (b) negative Vw pulses in the pristine state 

and after 106 bipolar cycles. Red lines are the fitting of the data by the KAI model. Direct 

measurement of the ferroelectric switching current before and after cycling for (c) positive and 

(d) negative reading pulses. 

In Figure 6.2.2a-b, the ΔP versus write pulse duration is shown for a capacitor measured 

before and after 106 cycling at 4 V. It can be seen that after cycling, the polarization value 

decreases, which is related to fatigue effect. The possible reason is the pinning of 

ferroelectric domains due to defects redistribution, charge trapping, or transformation of 

the orthorhombic to monoclinic phase.86,88 What interesting is that after cycling, τ0 

decreases from 1.4 and 2.5 μs to 0.55 and 0.77 μs for positive and negative polarity, 

respectively. The n value does not significantly change for negative polarity, but it 

decreases from 1.6 to 1.1 for positive polarity. Therefore, the formation of pinned 

domains or non-ferroelectric phases by electric cycling results in a faster switching and 

an average reduction of the domain growth dimensionality. This conclusion can also be 
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extracted from the direct measurement of the current switching, as shown in Figure 

6.2.2c-d. The shift of the switching current peak position to left side indicates a clear 

faster switching after cycling treatment. 

6.2.2 Switching dynamics of film with coexisting o/m-phase 

 

Figure 6.2.3 (a) XRD 2θ-χ map of the La:HZO film on STO. (b) Current-voltage loop and 

corresponding polarization-voltage loop measured at 10 kHz and maximum voltage of 4 V. 

Dependence of ΔP on τw after (c) positive and (d) negative Vw pulses of the indicated amplitude. 

Red lines are the fitting of the data by the KAI model. 

The XRD 2θ-χ map of the La:HZO film on STO is shown in Figure 6.2.3a. In contrast to 

the map of film on GSO substrate, apart from one clear reflection at χ = 0° and 2θ = 30.2° 

corresponds to the o-HZO(111) reflection, there is also an additional reflection 

corresponding to the non-ferroelectric m-phase. This indicates a coexisting of o- and m-

phase in the film, which is agreeable to directly identify the role of non-ferroelectric 

phases in the domain switching dynamics. The ferroelectric characterization (Figure 

6.2.3b) indicates a Pr around 12 μC/cm2 and the coercive voltages are 2.3 and -3.1 V, with 

a larger imprint compared to the film on GSO. The ΔP dependence on τw for different 

positive and negative voltages are shown in Figure 6.2.3c-d, respectively. It can be 

observed that some switchable charges can be detected even for a short applied write 

pulse duration of 50 ns. And a short characteristic switching time of 69 ns is extracted 
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from fitting, which is limited by the time constant (around 100 ns) of the experimental 

setup. It has to be noted that because the experimental setup limitation, the KAI model is 

not suitable for the fitting and the fitting just indicates an exponential dependence. For 

negative part, τ0 increases to 820 ns with n = 0.5 for maximum applied voltage. The sharp 

increase of the switching time compared to positive side is attributed to the imprint, which 

is against polarization switching.207 In addition, the n value is smaller than 1 for Vw < 0, 

which indicates that KAI model is not valid in this fitting. Therefore, the fitting using the 

NLS model for data collected at -4 V is performed (in Figure 6.2.4). 

 

Figure 6.2.4 Dependence of ΔP on τw after (a) positive and (b) negative Vw pulses of the film 

deposited on STO substrate. Dependence of ΔP on τw after (c) positive and (d) negative Vw pulses 

of the film deposited on GSO substrate. Red lines are the fitting of the data by the NLS model. The 

distribution function of (e) positive amplitude and (f) negative amplitude for films on STO and 

GSO are indicated in the figures. 

In the NLS model, ΔP(t) with writing pulse duration is described as this function, 
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𝑛
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∞

−∞
𝑑(log 𝜏0) , where τ0 and n are the 

characteristic switching time and effective dimension for domain growth, respectively, 
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and F(log τ0) is the distribution function of the logarithmic characteristic switching time 

τ0 and described as  𝐹(log 𝜏0) =
𝐴

𝜋
[

𝑤

(log𝜏0−log𝜏1)2+𝑤2
] , where A is the normalization 

constant, w is the half-width at half-maximum, and log τ1 is the central value of the 

distribution function. As shown in Figure 6.2.4a-d, the data of film on STO and GSO are 

properly fitted by NLS model for comparison. The n value is fixed to 2 by assuming 2D 

growth of domains after nucleation. The data of film on GSO can be fitted by NLS model 

is due to NLS model is an extended version of the KAI model, when the distribution of 

switching times is not a delta function.208 The distribution function (Figure 6.2.4e-f) show 

narrower distribution functions for the film on GSO than for film on STO, irrespectively 

of the voltage pulse polarity, which indicates that the switching dynamics is well-

described by a single τ0 and thus by the KAI model. However, the failure of KAI model 

to describe the switching dynamics of films on STO is observed, indicating NLS model 

for film with coexistence of orthorhombic and monoclinic phases. And a remarkably fast 

characteristic switching time of (τ0 = 69 ns) can be obtained. 

In summary, it can be concluded that (i) switching dynamics in agreement with KAI 

model with n near to 2 is observed for the nominally single orthorhombic phase film, (ii) 

switching dynamics in agreement with NLS model is observed for the film showing 

coexisting orthorhombic/monoclinic phases, (iii) faster switching time is observed in 

films showing larger presence of non-ferroelectric or non-switchable phase induced by a 

different substrate or by electric field cycling, and (iv) faster switching time is observed 

if switching is aligned along the imprint direction.  

6.2.3 Switching mechanism and neuromorphic-like behaviour 

In Figure 6.2.5a-d, the main results and the switching mechanism are summarized. Film 

on GSO with single orthorhombic phase does not show ferroelectric switching using τw 

of 50 ns, whereas in the film on STO, with coexisting orthorhombic/monoclinic phases, 

presents clear switching current peak by an amount of near ΔP = 4 μC/cm2. The observed 

switching at 50 ns is a benchmark for ferroelectric HfO2-based thin films, only overpassed 

by data obtained in ultrafast characterization setups, as summarized in Table 6.2.1. Highly 

relevant is that with increasing film quality, switching becomes slower. The slow 

switching in films on GSO is correlated with the less abundant defects, whereas in films 

on STO, charged defects help on the initiation of the nucleation. The less amount of 
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defects produces that different nucleation points in the film are equally probable, and thus, 

switching dynamics with single characteristic time following KAI model.  

 

Figure 6.2.5 I-V and P-V loops showing the polarization switching of (a) single orthorhombic 

phase and (b) mixed orthorhombic/monoclinic phase films after applying a voltage pulse of τw = 

50 ns. Top-view sketch for the nucleation and growth process in (c) single orthorhombic phase 

and (d) mixed orthorhombic/monoclinic phase films. Black outward and inwards arrows account 

for polarization and red arrows for the domain wall propagation in panel c. (f) Dependence of 

polarization state in La:HZO film on STO on the applied number of pulses of 50 ns width of 

opposite polarity (+3/-4 V). (e) Dependence of polarization state in the La:HZO film on STO on 

the Δt of two consecutive pulse of synaptic-like shape (inset) of 750 ns FWHM and Δt step of 250 

ns. 

As sketched in Figure 6.2.5c, the absence of defects favors 2D domain growth with 

homogenous nucleation, in agreement with the higher n coefficient. However, defects are 

not inexistent, and they produce non-negligible imprint field, asymmetric domain growth 

propagation, and n < 2 even for high electric fields. These features are not present in the 

epitaxial thin films of conventional ferroelectrics, such as PZT209 or BiFeO3.
210 In 

addition, τ0 (larger than 1.4 μs) in single orthorhombic phase films grown on GSO is long 

compared to conventional ferroelectric oxides with τ0 below microseconds.209 The long 

characteristic time may indicate the participation of ionic motion processes for the domain 

switching nucleation and expansion,32,211 as found in other oxides.212 Note also that τ0 in 

pure orthorhombic films is also longer than that found in the epitaxial films grown by 

post-annealing crystallization.205 This is related to the higher remanent polarization of the 
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films reported here, indicating greater presence of orthorhombic phase and thus slower 

switching. 

Table 6.2.1 Summary of reported results on switching dynamics characteristics in ferroelectric 

HfO2 films. Switching time has been extracted from data fitting using the mentioned model if 

available. Electric field (E). *Similar results in polycrystalline films. 

Composition Method 
Thickness 

/nm 

Voltage 

/V 

Electrode 

size 

/um2 

Switching 

time 
Model Ref. 

W/HZO/W ALD 15 9 7 0.925ns NLS 213 

WN/HZO/WN ALD 15 8.4 80 5.4ns NLS 213 

WN/HZO/WN ALD 15 8.4 400 20ns NLS 214 

TiN/Hf0.7Zr0.3O2/TiN ALD 10 2.5 3600 700ns IFM 202 

TiN/Si:HfO2/TiN ALD 10 3 7850 500ns NLS 201 

TiN/HZO/TiN ALD 20 4 -- 890ns -- 215 

W/HZO/W ALD 8 2.5 2826 236ns NLS 216 

TiN/La:HfO2/TiN ALD 10 4 13750 1500ns NLS 200 

Ti/Si:HfO2/Ti ALD 10 3 100 1us NLS 6 

Pt/HfO2/TiN ALD 9 2.25 -- 920ns KAI 217 

TiN/Si:HfO2/TiN ALD 8 3 31400 1000ns NLS 204 

TiN/HZO/TiN ALD 10 3.5 -- 66.5ns IFM 203 

Pt/HZO/ITO* 

PLD and 

post-

annealing 

27 9 5800 100ns 

KAI 

(high-

E) 

205 

Our work PLD 7 4 226 69ns NLS  

 

The switching sketch of film on STO is shown in Figure 6.2.5d. The film grown on STO 

is with more defects, and the charged defects are helpful for the nucleation, leading to a 

faster switching. These defects, probably mainly located at the electrode interfaces 

(positive blue charges) or at the monoclinic/orthorhombic interfaces (positive orange 

charges), locally generate different built-in fields, resulting in a distribution of switching 

times, and thus, NLS model well describes the growth kinetics. In this case, ionic motion 

can also play a role in the switching process, but the fast switching indicates it is not the 

dominate effect.  

The memristive characteristics of ferroelectric HfO2-based thin films have been applied 

to mimic the brain synapse by using voltage pulses with diverse shape and time duration 

of 1-100 μs.26,127,130,205 In Figure 6.2.5e-f, the potentiation/depression and STDP 

neuromorphic-like behavior in the La:HZO/STO film are demonstrated by applying its 
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fast switching response. The ΔP is measured during application of defined number of 

positive (+3 V) and negative (−4 V) pulses of 50 ns time width (see top panel of Figure 

6.2.5e). The pulse amplitude asymmetry is required to obtain symmetric 

potentiation/depression curves under imprint influence. Further details of the experiment 

are provided in chapter 3. A gradual increase and subsequent decrease of the polarization 

for positive and negative pulse trains can be observed, which results from the continuous 

switching of polarization using pulse width near the characteristics time. The red line is 

the fitting of the data by ∆𝑃 = 𝑃0 + 𝐴𝑒−(𝑁𝑝−𝑁0)/𝜏, where P0 is the initial polarization, Np 

is the number of pulses, N0 is the number of the first pulses, and τ is the exponential 

coefficient to describe the non-linearity effect.130 The exponential coefficients extracted 

from the potentiation/depression curves are 1.2/1.8.  

The STDP behavior is performed by using pre- and post-voltage synaptic like pulses 

(inset of Figure 6.2.5f) of 750 ns full width at half maximum (FWHM) and different delay 

times (Δt) between them. More details of the experiment are provided in chapter 3. The 

shape of the curves is not symmetric, and they are shifted along ΔP due to the presence 

of imprint. The red line is the fitting of the data by asymmetric hebbian learning rule 

∆𝑃 = 𝐴𝑒−∆𝑡/𝜏, where A is the scaling factor, ∆t is the time interval of the pre- and post-

synaptic spikes, and τ is the time constant of a STDP function.218 The extracted time 

constant from exponential fits for positive and negative Δt are 800 and 400 ns, which is 

more than 10 times shorter than former results of HfO2-based thin films.127,218 The 

exploratory characterization shown in Figure 6.2.5e-f demonstrates the potentiality of the 

system to show synaptic like behaviour, and remarkably in a much shorter time scale. 

Conclusion  

In summary, the characterization of the switching dynamics in single orthorhombic phase 

films follows KAI-like domain switching growth even using low voltage pulses. However, 

switching dynamics in agreement with NLS model is observed for the film showing 

coexisting orthorhombic/monoclinic phases. In films with the presence of parasitic 

monoclinic phase or in fatigued films, defects and non-ferroelectric phases help to shorten 

switching time. Therefore, even limited by the used experimental setup, ferroelectric 

switching as fast as 50 ns is observed. Fast switching is preferred when the final 

polarization state is aligned with the imprint field. Potentiation/depression and STDP 
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preliminary data allow us to demonstrate the potential interest in ferroelectric HfO2 for 

fast neuromorphic memory applications. 

Appendix 1. 

ΔP values obtained before subtracting residual current contribution are shown in Figure 

A 6.2.1a. Note also that after most of the polarization has been switched, the polarization 

still increases with τw. The data has been fitted with the KAI model including the residual 

leakage contribution: ∆P =  ∆Ps ∗ (1 − e−(τw/τ0)
𝑛)  +  Q ∗ log(τw). Data shown in the main 

text has been obtained after subtracting the fitted Q*log(τw) term, as shown in Figure A 

6.2.1b. Note that the increase of residual leakage contribution with log(τw) is included in 

the Q*log(τw) term, where Q is a constant that accounts for the residual leakage 

contribution. Coexisting electronic and ionic leakage mechanisms126,219–221 are known to 

be present in hafnium oxide films resulting in resistive switching. This resistive switching 

contribution results in hysteretic conductivity, as shown in Figure A 6.2.1c (leakage 

current curve by triangular voltage), which cannot be removed by PUND method. 

Q*log(τw) term is only a phenomenological description that accounts for this residual 

contribution. It might be also argued that this additional contribution comes from 

additional ferroelectric switching with different switching dynamics, which is unlikely 

due to saturation not been identified. In Figure A 6.2.1c, the higher leakage current in 

STO also indicates more defects in this film. 

 

Figure A6.2.1 Dependence of ΔP on τw after positive Vw pulses of indicated amplitude, (a) the 

raw data, and (b) the data removed the leakage contribution. (c) Leakage current curves of films 
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on STO and GSO substrates at pristine state measured using a bipolar triangular voltage pulse 

from 0 to 5 to -5 to 0 V. Integration time is 2s. Details of the experiment can be found in chapter 

3. 
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Chapter 7. Summary and conclusions 

In this thesis, deposition conditions, interfaces and doping effects on epitaxial HfO2-based 

thin films have been systematically studied to improve the ferroelectricity. Meanwhile, 

mechanisms related to ferroelectric properties, endurance and switching dynamics have 

also been explored. 

(i) Three methods have been used to tailor epitaxial of Hf0.5Zr0.5O2 thin films. First, 

epitaxial HZO films deposited by PLD under optimal mixed Ar/O2 pressure show low 

leakage current and high remanent polarization of about 30 µC/cm2, which represents a 

50% increase with respect to equivalent films grown by conventional PLD. Second, the 

stabilization of ferroelectric HZO film at lower deposition temperature has been achieved 

using a seed layer. With seed layer, the ferroelectric o-phase can be stabilized at a 

temperature as low as 550 °C, with ferroelectric polarization of 14 µC/cm2, and with 

improved endurance in comparison with films deposited at higher temperature. Third, the 

orthorhombic phase has been stabilized in epitaxial HZO film on LSMO/STO(110) and 

LSMO/STO(111). The use of STO(110) substrate allows (111) oriented o-phase, free of 

monoclinic phase and thus with increased ferroelectric polarization up to 30 µC/cm2. 

Besides, the high polarization is accompanied by a long endurance (4×1010 cycles) and 

retention extrapolated to more than 10 years under the same poling voltage. While, the 

use of STO(111) substrate permits tilted epitaxy of o-phase with three crystal variants at 

different angles (24°, 66° and 90°) with respect to the plane-normal direction. 

(ii) Doping effects of Zr and La elements on the stabilization of polar phase in epitaxial 

HfO2-based thin films have been comprehensively investigated. Ferroelectric phase can 

be epitaxially stabilized in the all Hf1-xZrxO2 (x=0, 0.25, 0.5, 0.75, 1) films. The highest 

Pr of 30 μC/cm2 found in the ZrO2 film is associated with ferroelectric polarization 

switching and resistive switching.  The films do not show wake-up effect in all the 

explored compositions, and best ferroelectric endurance is present in Hf0.5Zr0.5O2 film. 

For La doped HfO2 films, optimized concentration is 2-5 at%. The coercive field and 

leakage current of films on STO(001) and Si(001) decrease with the concentration of La. 

Based on the optimized content, the influence of thickness has been investigated in 2% 

La doped HfO2 films, and it is found that La-doped HfO2 films even as thin as 4.5 nm 

show robust ferroelectricity. Films of less than 7 nm thickness show the highest Pr of 

about 30 μC/cm2, slight wake-up, endurance of at least 1010 cycles and retention of more 
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than 10 years under same voltage. Films on Si(001) exhibit similar properties. 

Furthermore, different perovskite substrates have been used to control the amount of o-

phase in 2 at% La:HfO2 film. The highest Pr is 29 mC/cm2 in films grown on TbScO3. 

Compared with HZO films, the amount of o-phase is greater in La:HfO2 films on the 

same substrate. Finally, the synergic doping effect of La and Zr on the stabilized 

polymorphs and ferroelectricity of epitaxial HfO2-based thin films is comprehensively 

explored. In La:HZO and La:HO films, La favors the formation of o-phase in low content, 

but the c-phase appears in highly La doped films. With Zr content decreasing, the 

optimized La content shifts from 0% for ZrO2 to 2-5% for HfO2, and Pr of 20-30 µC/cm2 

can be obtained in the optimized HfO2-ZrO2-La2O3 ternary system. 1% La doping in HZO 

film reduces the leakage current and the film exhibits high endurance with limited wake-

up effect in films thinner than 10 nm and good retention.  

(iii) Endurance and switching mechanisms in HfO2-based ferroelectric thin films have 

been explored. Films show long retention regardless of the relative amount of parasitic 

m-phase. However, endurance is highly dependent on the o/m phase ratio. Films almost 

free of parasitic phase exhibit strong fatigue. While, films with greater amount of parasitic 

m-phase appreciates slower fatigue and longer endurance. Grain boundaries of o/m phase 

are proposed to reduce propagation of domain pinning, allowing to slower fatigue and 

increase endurance. Besides, the parasitic monoclinic phase also has a dramatically 

influence on the switching dynamics. In single o-phase film, it follows KAI-like domain 

switching. However, in the film showing coexisting o/m phases, switching dynamics 

agrees with nucleation-limited switching model and ferroelectric switching as fast as 50 

ns is observed. Fast switching is favored when the final polarization state is aligned along 

imprint field. Potentiation/depression and STDP behavior demonstrate the potential 

interest in ferroelectric HfO2 for fast neuromorphic memory applications. 
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List of abbreviations and acronyms  

 

Abbreviations  

  

CMOS        complementary metal oxide semiconductor 

o-phase orthorhombic phase 

R rhombohedral phase 

t-phase tetragonal phase 

c-phase cubic phase 

m-phase monoclinic phase 

YSZ yttria-stabilized zirconia 

PLD pulsed laser deposition 

LSMO La0.67Sr0.33MnO3 

HZO Hf0.5Zr0.5O2 

STO            SrTiO3     

P-E             polarization-electric  

PZT            Pb(Zr,Ti)O3 

FeRAM ferroelectric random access memory 

1T-1C one transistor and one capacitor 

FeFET        ferroelectric field effect transistor 

FTJ             ferroelectric tunnel junction  

MOSFET    metal-oxide-semiconductor FET 

HZH            HfO2-ZrO2-HfO2 

SBT             SrBi2Ta2O9 

STDP          spike-timing-dependent-plasticity 

ALD            atomic layer deposition 

GIXRD       grazing incident x-ray diffraction  

MW            memory window 

YHO Y-doped HfO2 

ITO indium tin oxide 

TEM              transmission electronic microscopy 

XRD              X-ray diffraction 

RSM reciprocal space mapping 
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AFM atomic force microscopy 

STEM scanning transmission electron microscopy 

DLCC dynamic leakage current compensation 

DHM dynamic hysteresis measurement 

PUND positive up negative down 

LSAT             (LaAlO3)0.3(Sr2TaAlO6)0.7  

LAO LaAlO3 

YAO YAlO3 

DSO DyScO3 

GSO GdScO3 

TSO TbScO3 

NSO NdScO3 

LHO La:HfO2 

HAADF high-angle annular dark field 

I-V current-voltage 

P-V polarization-voltage loops 

J-V current density-voltage curves 

NLS                nucleation limited switching  

KAI Kolmogorov-Avrami-Ishibashi mechanism 

FWHM full width at half maximum 

  

  

Acronyms  

  

Ec coercive field 

Pr remanent polarization 

G Gibb’s free energy 

r grains radius 

σ surface energy 

Tc curie temperature 

C capacitance 

εr dielectric permittivity 

PAr Ar pressure 

PO2 O2 pressure 

d  out-of-plane lattice parameter 
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Eimp imprint field 

Ec+ and Ec- coercive field 

τ0 characteristic switching time 

Ts substrate temperature 

t thickness 

P0 initial polarization 

Np  number of pulses 

Δt time difference 

ΔP polarization change 

Vw write voltage 
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