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Roadmap on Ferroelectric Hafnia and Zirconia-based materials and devices

Ferroelectric hafnium and zirconium oxides have undergone rapid scientific development over the last decade, pushing them to the forefront of ultralow-power electronic systems.

Maximizing the potential application in memory devices or supercapacitors of these materials requires a combined effort by the scientific community to address technical limitations which still hinder their application. Besides their favorable intrinsic material properties, HfO2-ZrO2 materials face challenges regarding their endurance, retention, wakeup effect, and high switching voltages. In this Roadmap, we intend to combine the expertise of chemistry, physics, material, and device engineers from leading experts in the ferroelectrics research community to set the direction of travel for these binary ferroelectric oxides. Here, we present a comprehensive overview of the current state-of-the-art and offer readers an informed perspective of where this field is heading, what challenges need to be addressed, and possible applications and prospects for further development.

Introduction (Uwe Schroeder, José P. B. Silva)

In the last decade, ferroelectric (FE) hafnium (HfO2) and zirconium (ZrO2) oxides have been intensively investigated, and tremendous progress has been made. Non-FE HfO2 has been typically used in the mass production of complementary metal-oxide semiconductors (CMOS), as a high-permittivity (k) gate insulator in high-performance field-effect transistors (FETs). The discovery of ferroelectricity in 2006, five years before the first publication about the FE properties of Si-doped HfO2 thin films, has revolutionized the research in the field, both from the fundamental and from the application point of view.

These surprising results were originally unexpected because fluorite crystal structures have well-established phase diagrams, and they do not show any polar phase that is thermodynamically stable under normal fabrication conditions. Yet, the FE phase in HfO2 and ZrO2-based materials is accepted as the metastable orthorhombic (o-) oIII phases (space group: Pca21), and the polar rhombohedral (r-) phase (space group: R3m). Devices based on FE HfO2 and ZrO2-based materials could greatly benefit from the CMOS compatibility and potentially disentangle the energy efficiency problem of scaled semiconductor technology.
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For these reasons, researchers have significantly increased their understanding of the material class, concerning, for example, the requirements to stabilize those FE phases or by exploring a large number of causes such as doping, oxygen vacancies, surface energy, and stress to enhance the FE properties. Interestingly, the success of this original highperformance materials rejuvenated the search by theoreticians and experimentalists to look beyond and explore further promising applications. Over the past ten years, their applications have grown from FE capacitors, transistors, and tunnel junctions for nonvolatile memory applications to negative capacitance, logic-in-memory, neuromorphic computing, supercapacitors, and pyroelectric or piezoelectric-based applications.

In this Roadmap, we overview important research aspects concerning FE HfO2 and ZrO2based materials. In Sec. II, we discuss the emergent field of FEs, while in Sec. III we address some fundamental properties and the specific features of this material class. In Sec.

IV and V, we cover aspects of bulk and thin film fabrication. The growth of single crystals has been demonstrated, while the fabrication of these materials films has been improved considerably over the last years. Nevertheless, further improvement of the growth conditions is still an important research field, and the processing of FE HfO2 and ZrO2based thin films from chemical methods up to physical ones needs further investigation.

The characterization and properties (see Sec. VI) have been significantly improved since the first report in 2011. Different strategies, such as doping, defect engineering, interface engineering, electrode optimization, and the formation of laminated structures, have been intensively investigated. However, several details of the underlying physical mechanisms are still not completely understood. In Sec. VII, we outline the current status and future challenges of different devices that are currently being investigated with the use of FE HfO2 and ZrO2-based thin films. The major challenges and aspects that need to be considered and improved for broader applicability of these materials are addressed in Sec. VIII.

Currently, the correct and precise measurement of FE HfO2 and ZrO2-based devices is still an issue. In addition, the need to fade the wake-up effect in order to improve reproducibility is still highly demanded. Another major challenge that remains to be solved is the possibility to decrease the switching voltages of these devices. Even though there has been significant progress, the device retention and endurance still need to be improved. Finally, we include a perspective on commercial market opportunities in non-volatile memories (Sec. IX) and an industry perspective (Sec. X) where these materials can play a crucial role.

Regardless of these challenges concerning understanding materials properties and device physics, there has been tremendous progress on these materials, and there is no FE material in recent years that attracted such high interest for ultralow-power electronic systems (Sec.

VIItable 1).

In this Roadmap, we overview the current status of FE HfO2 and ZrO2-based materials research and indicate promising directions for future research efforts.

The field of emergent ferroelectrics (Lane W. Martin)

Status

While the 100 th anniversary of the discovery of ferroelectricity has come and gone, the field of stands poised to enter a new era driven, in part, by the discovery of new classes of FE materials and a renewed interest in their application 1 . As it was in the middle of last century, challenges of the day are bringing about fundamental and applied advances to meet these challenges.

The term "emergent ferroelectrics" captures the surprise that has accompanied the discovery of ferroelectricity and exotic phenomena in novel materials and heterostructures and points to a challenge. While properties like piezoelectricity and pyroelectricity are directly related to material symmetry [START_REF] Lines | Principles and Applications of Ferroelectrics and Related Materials[END_REF] , ferroelectricity has an empirical definitionpolar materials which exhibit two or more orientational states in the absence of an electric field which can be switched from one to another with an electric field. As such, identifying FEs relies on our (in)ability to both synthesize and characterize materials in a way the supports this function. The advances in synthesis and characterization that will be reviewed later have unleashed new worlds of phenomena. Even in traditional perovskite (ABO3) FEs, our ability to heterostructure materials with atomic-scale control has begotten unexpected polar structures, including vortices, skyrmions, merons, and more (Fig. 1a) [START_REF] Das | [END_REF]4,5 . Simultaneously, researches have been predicting (and in some cases) experimentally demonstrating ferroelectricity in novel materials such as 2D van der Waals layered materials (e.g.,
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transition metal dichalcogenides, group IV monochalcogenides, metal triphosphates, layered perovskites, layered nitrides, indium selenide (In2Se3), etc.) (Fig. 1b) 6,7,8 and wurtzite-structured materials (e.g., Al1-xScxN, Al1-xBxN, Zn1-xMgxO, etc.) 9,10 . Hf0.8Zr0.2O2 heterostructures (left) and a schematic illustration of the same (right). Adapted from Ref. 11 .

While these observations have been highly touted, perhaps no other single area in the field has caught the attention of scientists and engineers alike in the last decade than the study of HfO2-and ZrO2-based compounds (Fig. 1c) 12,13 . The observation of FE response in such materials has opened a more straightforward door for direct integration of FE properties into CMOS processes (something more challenging with traditional perovskite FEs). The report of ferroelectricity in these materials was not, however, immediately embraced across the community. This skepticism likely arose from the same challenges hinted at before concerning the definition of ferroelectricity. The community was fresh off of an explosion of work on multiferroics in which the combination of new materials, characterization techniques, and the expansion of researchers to fields outside of FEs led to numerous questionable reports of ferroelectricity (culminating in the (in)famous report of FE bananas) 14 . Just a few years later, reports of ferroelectricity, seemingly non-polar materials like HfO2-based systems quickly drew questions from a (perhaps, rightly) conservative community. While it took a few years to convince the world that these observations were not just artifacts from defects or charge trapping, this careful approach has laid a robust foundation for what has been done in the last half-decade.

Current and future challenges

First, while advances in computational/theoretical predictions, synthesis, and characterization have been critical in advancing this field, they also open new challenges.

For example, the rapid expansion of predicted candidate FEs means that experimentalists struggle to realize the "diamonds in the rough". This is exacerbated by challenges in producing these chemically diverse systems, in addressing their stability for study, and in rationalizing their (sometimes) exotic behavior (thus raising the question if these are truly novel phenomena or simple artifacts of the measurement process on new materials?). At the same time, there is a trend to push the limits of materials in terms of size (thickness and lateral scaling), time (how fast can a material switch?), energy (what is the minimum voltage/energy for actuation?), and susceptibilities (how responsive can the material be?).

These are important questions for materials that are increasingly transitioning from "nextgeneration" to "this-generation". The challenge is balancing fundamental science studies and engineering applicationsthere is probably little argument that real progress in both will require the support of the other.

In HfO2-and ZrO2-based materials, this competition between fundamental and engineering efforts has been at play for much of the last decade. Melding these approaches has enabled rapid progress in some areas while other topics remain open. First and foremost, a full understanding of the mechanism for stabilizing the metastable FE phase remains a matter of discussion. While there is more widespread agreement on the different structures that can and have been observed, the reasons why are more varied (from surface/volume-energy, to doping, to strain, to defects, to kinetic arguments, and more). Especially to those new to the community, the fast-moving and wide-ranging discussion can seem incongruent and contradictory. This if further complicated by disparate approaches to studying these materials (e.g., polycrystalline vs. single-crystalline films, thick vs. thin films, different synthesis methods, different electrodes, etc.), which can make the narrative overwhelming.
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Even in the face of this lack of clarity, some are (rightly) pushing forward to try to improve overall performance (effectively saying "I don't care how it works, as long as it does.").

Such efforts have clarified some points (e.g., the role of defects in the wake-up process) while others remain to be fully addressed (e.g., routes to reduce the coercive voltage, improve reliability, assure retention, reduce fatigue and imprint, etc.). These materials also present exotic new effectsincluding robust polarization in ultrathin (<10 nm) films and inverse size effects" 11 (which are potentially explained by exotic lattice dynamics) 15 which are important observations but remain to be fully fleshed out. Finally, looking at the utilization of these materials, while considerable effort has been put into the exploration of these materials for application in logic and memory, the question arises as to the suitability of these materials for the wider range of FE applications and devices.

Advances required to meet these challenges

A number of themes begin to arise that could show the community how to address these challenges. First is to embrace the unique perspectives and approaches of the fundamental and engineering sciences. Continued collaboration between academia and industry and coordinated efforts to share the most important questions with one another will accelerate real solutions. Second, as the introduction of new materials welcomes a wider swatch of science and engineering to the interesting (and often complex) world of FEs, the community should be sure to embrace (and remind themselves of) the lessons from work on thin-film FE devices at the end of last century as well as lessons from thin-film epitaxy in more traditional FEs. While the materials might be different, the challenges might be the same. Much has been learned about how to address interfaces, alleviate imprint and fatigue, study defects, and how to subtly manipulate polarization processes. Third, welcoming input from other (perhaps less obvious) communities. For example, as there is growing consensus that oxygen vacancies play an important role in mediating the stabilization of the desired phases in the HfO2-based systems, exploring the work of those in the solid-oxide electrochemistry world could provide new ways of assessing and confirming understanding. Simultaneously (and this is happening already), the community needs to tap into a wider array of measurement approaches (e.g., state-of-the-art microscopes, synchrotron-based structural and spectroscopic approaches, in-operando studies, etc.). Introducing new metrologies to study the growth of these materials (in situ during the process) and working towards real-time feedback could be critical for them really becoming viable in industry. Finally, focused attention on addressing deficiencies in the materials. For example, in the HfO2-and ZrO2-based systems, despite the ability to make ultra-thin films, the coercive voltage remains a challenge. If, for example, the coercive field (Ec) is 2000 kV/cm for even a film that is just 5 nm thick, we would require a voltage of at least 1 V to switch the material. Current goals are to drive switching voltages down to just 0.1 Van improvement of 10x from where we are today. Addressing these challenges is a key part of the future of these materials.

Concluding remarks

All in all, it is an exciting time to be working on FEs. The urgency with which these materials are being discovered and considered for an array of applications provides a renewed energy. At the same time, we must maintain a keen awareness that no single material or class of materials is likely to address the diversity of applications that call for FEs. In other words, there is no "cure-all" solution to what ails us. There are, as there always has been, every growing and changing need for functional materials in information technology, communications, healthcare, national security, energy efficiency, and beyond.

"Emergent ferroelectrics" are poised to play a critical role in addressing some of these challenges. The diversification of materials begets a diversification of opportunities to really change how things are done in many areas. Our role as scientists and engineers is to make those connections and find the right approaches to address these societal challenges.

Fundamental Materials Properties

a. Simulation (Karin M. Rabe/ Alfred Kersch/Jorge Iñiguez)

Status

Simulations play an increasingly important role in understanding and guiding experimental work on complex functional materials, particularly FEs and related compounds.

Computations of total energy can be used to explore the structural energy landscape and 10 identify candidate metastable phases. Quantitative predictions of the crystal structure parameters, phonons, elastic constants, polarization, and related properties such as piezoelectricity and pyroelectricity can be used to identify the phases in experimental bulk and thin films. Computations of minimum barrier paths connecting different structures, domain wall energetics and motion, defect energetics, and diffusion can assist in understanding electric field switching.

Initial simulation studies of HfO2 and ZrO2 16,17 covered the structural properties and free energy of the polar o-Pca21 phase (standard FE phase) and the possible occurrence of competing polar o-Pmn21, r-R3 16,18,19 , and other phases. The metastable, tetragonal (t-) P42/nmc state plays a special role, as its comparatively large entropy enables first-order temperature-induced phase transitions from the polar phase 20 . The t-phase has more favorable energy in ZrO2 than in HfO2 21 , which is a major reason for the relatively easy formation of HfxZr1-xO2 (HZO). A second polar phase has been experimentally detected, which could be r-R3 or R3m 19 or even o-Pmn21 18 , the signature XRD peak of these phases being similar. An overview of the lowest energy structures can be found in Fig. 2.

Fig. 2 Crystal phases with increasing total energy. Nonpolar oxygen (red), polar oxygen (yellow), and polar oxygen compensated within the crystal (orange). Adapted from Ref. 21 .

(f) and (g) show the 24-and 12-atomic pseudocubic cells, and the 12-and 6- 12

The phonons are an initial indicator of minimum energy paths connecting the metastable phases. In addition to the standard pathway for polarization reversal 16 , alternative pathways have been systematically searched 40 as they may play a role in FE switching. Several approaches to the reversal have been explored in simulations, but no unambiguous model has been found yet. (i) The Kolmogorov-Avrami-Ishibashi (KAI) model 41 successfully describes the kinetics of FE switching in single-crystal perovskites. The model is characterized by lateral growth or shrinkage of pre-existing domains of opposite polarity.

The critical interfacial energy and barrier parameters for domain motion were calculated, and either low interfacial energy with a very high barrier 39,42 or a low barrier but very high interfacial energy 43 were determined. Not all possible configurations have been investigated yet. (ii) In the Nucleation-Limited Switching (NLS) model, 41, a nucleus with opposite polarization is randomly generated in the polarized domain by thermal activation and grows inexorably when critical size is exceeded. The critical parameter to be studied in the simulation is the interfacial energy, most simply of 180° domain walls, rather than mobility, since nucleation is limiting. The experimental results from 44 are in favor of the NLS model. (iii) According to the Landau-Khalatnikov (LK) model, 41 there are independent crystal-like domains (grains or crystallites within a grain) in which the switching is homogeneous so that only the minimum energy barrier between initial and final homogeneous polarization states is the relevant parameter. Here, it is immediately observed that the predicted Ec is almost an order of magnitude too large as compared to experiments 17,45 . In addition to the FE domain wall (DW), the interfaces and their energies between the t-phase and the polar phase were also calculated 46 , since they are important for the formation of the polar phase from the tetragonal state and for the antiferroelectric fieldinduced phase transformation.

Advances required to meet the challenges

The simulation of basic material properties is well developed, but the functionals used in the first-principles calculations have not yet been systematically validated for HfO2 and ZrO2. For example, the calculated kinetic barriers depend significantly on the chosen functional, and experiments are needed to validate the predictions. Hybrid functionals provide accurate results for electronic defect levels 47 but have yet to be systematically applied with realistic, sufficiently large supercells. First-principles theory suggests that the polar phase can be viewed as generated from the cubic fluorite structure through the coupling of multiple phonon modes 17,37,38 and that FE polarization has an improper character. However, experimentally, a sharp permittivity peak has been observed during the temperature-controlled transition from the polar to the tetragonal phase 20 , which is typical for the proper behavior. This suggests that the known theoretical multimode expansion corresponding to the T = 0 K limit is not suitable to describe the experiments; therefore, molecular dynamics studies based either on first principles or using machine-learned potentials are needed. These approaches may also elucidate the field-induced transition from the tetragonal to the polar state, which may allow us to obtain giant piezoelectric and pyroelectric effects.

The systematic development and application of machine-learned potentials also offer hope in other important areas. Some potentials of this kind have already been developed for HfO2 48 and ZrO2 49,36 , but not yet for doped or defective materials. They are critical for studying polarization reversal, domain nucleation, and growth. More realistic potentials (capable of accounting for chemical bond breaking and formation) will be crucial to study the thickness dependence of the polar phase in thin films or the mechanisms for polar phase stabilization in grains. Combined with kinetic Monte Carlo techniques, these potentialsand potentially other simplified models, such as cluster expansion approaches 50 -will eventually enable us to study the behavior of extrinsic defects as well as fatigue and wakeup mechanisms. Finally, simple phase field models have been developed to address HfO2 and ZrO2-related materials and discuss their electrical behavior in devices (e.g., in the context of negative capacitance studies 51,52 ). However, given the polymorphic nature of these materials and the non-standard nature of their ferroelectricity, the applicability of simple Ginzburg-Landau potentials is questionable and further work is needed to derive appropriate and reliable continuum models.

Concluding remarks

The discovery of ferroelectricity in HfO2 and related compounds has brought new challenges to the theory and simulation of FEs, as well as a sense of urgency for methodological innovation. HfO2 offers unquestionable and (among FEs) unparalleled 14 technological promise. However, it is still controversial whether and how HfO2 deviates from the standard model of FEs in the soft mode property, which is best represented by perovskite oxides. Thus, HfO2 forces us to rethink our theories and simulation approaches to ferroelectricity, to revisit assumptions that would otherwise seem obvious, and to keep an open mind for new possibilities. Many distinctive properties of HfO2 FEs, including structural, electromechanical, and dopant-related behaviors, have already been captured by first-principles simulations, while others, including phase formation, dynamics of polarization reversal, and extrinsic contributions, have so far eluded a good understanding.

As discussed in this piece, new first-principles-based approaches, such as machine-learned potentials and kinetic simulations, are needed to tackle these challenges. The experience so far suggests many exciting discoveries ahead. The journey has just begun.

b. Ferroelectricity (Cheol Seong Hwang/ Seungyong Byun/ Kun Hee Ye)

Status

When Böscke et al. first reported the FE properties from the Si-doped HfO2 film having the TiN electrodes in 2011 53 , the FE community encountered difficulties in accepting the finding due to several reasons. First, the doped-HfO2 film has already been in massproduction as the high-k gate dielectric layer in high-performance CMOS devices, where the FE-hysteresis is detrimental. Second, the HfO2 (isostructural ZrO2, too) is a wellstudied material with an established phase diagram where no polar phase is reported 13 .

Third, the FE phase evolution is critically dependent on not only the material parameters and process variables but also film thickness, which significantly complicates the identification of the critical parameters, such as remanent polarization (Pr) and Ec 13 .

However, the intense and collaborative research worldwide during the past decade convinced the community of the robustness of the FE performance of the doped HfO2 films, including the (Hf,Zr)O2, which offers from a dielectric (Hf-rich) to FE (~5:5) to antiferroelectric (AFE) (Zr-rich) performances. Also, the well-established contamination It is now well accepted that the FE properties of fluorite-structured HfO2-based materials are ascribed to the o-Pca21 structure. However, it differs from conventional perovskitestructured FE materials, such as Pb(Zr,Ti)O3 (PZT), in that the former has a noncentrosymmetric distribution of oxygen ions, whereas the latter has a non-centrosymmetric distribution of cations (Ti, Zr). The origins of the specific atomic configuration of unit cell structure in these materials are recently understood from the density functional theory (DFT) for phonon calculation. It shows that the high symmetry cubic phase (space group: Fm-3m) has an imaginary frequency phonon mode at the Brillouin zone boundary. This phonon mode induces antiparallel displacement of oxygen ions to cause a transition into a t-phase (space group: P42/nmc) 54 . The FE o-phase can be formed via the splitting of the phonon modes of the t-phase into the zone center mode (parallel movement of all oxygen ions along the +z direction) and the zone boundary antipolar mode (antiparallel movement of the half of the oxygen ions along ±z directions, respectively). Due to the coupling of the two phonon modes, the FE o-HfO2 has a structure in which a non-polar spacer layer and a FE layer are repeated. Because of the presence of the spacer layer, it shows different domain properties from the perovskite FEs, which is induced from the only zone center soft phonon mode. Such a two-layer structure, parallel to the spontaneous polarization (Ps) direction (c-axis), reduces the elastic and electrostatic interaction between the neighboring unit cells, decreasing the 180 o domain wall (DW) energy to even a negative value. This feature may decrease the DW thickness to the sub-monolayer level. However, it should not be overlooked that many other types of DWs with much higher DW energy have been experimentally observed 55 . More detailed discussions on the DW configuration are given in another section (Choe and Heo).

Current and future challenges

Actually, the FE domain structure with a unit-cell thickness corresponds to the AFE Pbca structure, so it cannot represent the macroscopically observed FE property of the HfO2.

Interestingly, the recent DFT calculations show that the AFE Pbca structure has a lower 16 free energy than the FE Pca21 structure 15 . As discussed in detail in another section, the formation of the FE-HfO2 phase is dominantly controlled by kinetic factors rather than the thermodynamic driving force, such as the energy barrier between the tetragonal phase and orthorhombic phases 13 . Therefore, an energetically favorable AFE Pbca structure, in addition to the thickness-dependent phase stability of different phases (AFE Pbca or fieldinduced FE P42/nmc <~5nm; dielectric P21/c >~20nm), complicates the practical fabrication of the high-performance metal-ferroelectric-metal (MFM) capacitor structure.

The most feasible FE performance is generally achieved at a thickness of ~10 nm, in which the FE Pca21 remained intact even under the absence of the field due to the high barrier for the transition from FE Pca21 to AFE Pbca. Also, the stability of AFE Pbca over the FE Pca21 phase renders the fatigue behavior 13 (reduction of Pr with the increasing switching cycle number) different from the conventional perovskite FE materials, where the production of oxygen vacancies and accompanying domain pinning constitutes the primary mechanism. The electrical cycling provides the FE Pca21 phase with the energy to overcome the barrier to recover the AFE Pbca without generating additional oxygen vacancies. In this case, the fatigued film could be rejuvenated to the FE phase by applying a slightly higher poling voltage without increasing the leakage current 56 . Besides, the most commonly adopted TiN electrode almost always involves non-FE interfacial layers. All these factors render practically achieving the theoretical Pr value (~51 µC/cm 2 ) 33 challenging. Nonetheless, optimizing the process variables, such as annealing temperature, time, cooling rate, changing electrode from conventional TiN to W 57 , and adopting interfacial layers, such as HfON, have significantly improved the achievable Pr of technically viable polycrystalline film from ca. ~15 µC/cm 2 to > 35 µC/cm 258 .

In this regard, the growth of FE-phase-pure epitaxial film must be a crucial task to prove the intrinsic FE performance of the films. This task has been challenging because aligning the [001] Ps direction to the out-of-plane direction has been hampered even on the latticematched Y-stabilized ZrO2 single crystal substrate, which might be ascribed to the intricate kinetic process of the FE phase formation during cooling 59 . However, recent work demonstrates that the careful control of the growth condition and cooling step can deposit phase-pure epitaxial 5%Y-doped HfO2 film on LaSrMnO/SrTiO3 substrate, alleviating the rhombohedral distortion 60 . Interestingly, the ( 111 (011)-oriented substrate had a maximum Pr value of ~50 µC/cm 2 , demonstrating that the Ps value along the (001) direction was close to the theoretical value.

Advances in science and engineering to meet these challenges

These findings indicate that the robust ferroelectricity of doped-HfO2 films is now wellproven in both polycrystalline and epitaxial films. Nevertheless, the interwound influences of the process/material variables and film thickness effects, especially for thinner (<< 10 nm) films, pose significant challenges in fabricating nanoscale electronic devices. For example, to manufacture the ferroelectric random-access memory (FeRAM) or ferroelectric field-effect transistors (FeFETs) with dimensions comparable to the state-of-the-art dynamic random-access memory (DRAM) and NAND flash memory, the film thickness must be < 5 nm. Therefore, the recent report on the FeRAM cell fabrication with ~17 nmdesign rule DRAM capacitor structure with the standard TiN electrode 61 is notable. Even though the 4-6 nm-thick (Hf,Zr)O2 films showed distorted polarization-voltage curves, the thinner film had an even better charge response to the given short voltage pulses.

Furthermore, adopting the production-worthy atomic layer deposition (ALD) process demonstrated the already well-established fabrication process of these relatively new materials in the CMOS line.

In academia, researchers attempted to explore the lower limit of the film thickness retaining the FE performances [START_REF] Cheema | [END_REF]63 . Although several reports argued even sub-nm thickness (only one unit cell thickness) film showed robust FE properties, the direct structural and electrical evidence is still being debated.

Besides, the progress in the scanning TEM with the spherical aberration correction (Cs-STEM) provided the community with more direct imaging of the oxygen ion positions within the unit cell, which has been challenging in conventional HRTEM 56 . Still, the data availability is limited due to the highly limited imaging conditions and grain orientation issues in the polycrystalline film 56 .

Concluding Remarks

In summary, the recent advances in the experimental and theoretical works for the doped FE HfO2 materials (bulk, epitaxial and polycrystalline films) proved the robustness of 

Status

HfO2-based FEs are one of the most actively studied groups of materials due to their vast range of fundamentally captivating and technologically alluring properties, making them extremely appealing for development of electronic devices based on switchable spontaneous polarization 13 . Most of the studies of HfO2-based FEs have been so far focused on the mechanism of the stabilization of their polar phase, their unusual scaling properties, which seemingly defies detrimental depolarizing effects, and the interplay between the intrinsic and extrinsic factors determining the static and dynamic polarization behavior. In comparison, relatively little attention has been given to hafnia's piezoelectric properties.

Although these materials exhibit weaker piezoelectricity in comparison with perovskite FEs typical values for the measured piezo coefficients are in the range of several pm/Vtheir response is comparable to that of AlN-based films, which makes them a viable alternative for application in electromechanical devices such as sensors, resonators, and transducers.

However, probably the most intriguing aspect of the piezoelectric behavior of HfO2 is its high sensitivity to a variety of parameters, including film thickness, fabrication methods, doping, and electric field cycling, which opens a possibility of tuning the electromechanical functionality of these materials 64,65 .

First-principles calculations converge on the negative longitudinal piezoelectricity response of the o-phase of HfO2 66,31 , whereby a compression along the polar axis results in an enhanced polarization. At the atomic level, this feature is attributed to the chemical coordination of the active oxygen atoms 31 (Fig. 3): upon mechanical strain, the length of the Hf-O bond aligned with the polar direction is preserved via the shift of the oxygen ion. This shift results in polarization increase/decrease upon compressive/tensile strain, yielding a negative longitudinal piezoresponse. In contrast, there are considerable disparities in the experimental reports on the magnitude and sign of piezoelectric coefficients of HfO2, which still has not received an adequate explanation. For example, piezoelectric strain measurements carried out in 20-nm-thick Si:HfO2 films reveal a relatively strong (17.8 pm/V) positive d33 coefficient, which decreases dramatically to negligible values upon ac cycling 67 . On the other hand, piezoresponse force microscopy studies yield negative longitudinal d33 piezocoefficients in relatively thin La:HfO2 films (<30 nm), while in much thicker La:HfO2 films (>50 nm) piezoelectricity is found to be positive 68 . Notably, thin and thick La:HfO2 films had different electrodes (TiN and Pt, respectively) and were fabricated by different methods (ALD and chemical solution deposition (CSD), respectively) 64 .

Moreover, the coexistence of regions with positive and negative d33 in the same La:HfO2 capacitors has been reported 64 , which hints at the tuning of the d33 sign upon electrical cycling. Thus, the vertical Hf(1)-O bond dominates the response in the bulk compound; in the compressed film, this link is broken, and the bonds with Hf (2) and Hf (3) prevail. (Adapted from Ref. 31 ). straightforward in that they directly measure the field-induced strain, they are not informative enough when it comes to understanding the tunability of the piezoelectric properties. In this regard, the PFM-based approach has an advantage as it allows differentiation between the polar and non-polar phases by evaluating the local piezoresponse at the level of a single grain (several nanometers), as well as monitoring its evolution upon electrical cycling or annealing. On the other hand, interpretation of the PFM signal is not easy since it can be beset by various artifacts, such as electrostatic effects, electrochemical reactions, thermal effects, and complex cantilever dynamics 69,70 . Even more challenging are the measurements in the resonance-enhanced mode developed to circumvent the issue of a low signal-to-noise ratio in materials with a weak piezoelectric response, where the cantilever is driven near its contact resonance. In this case, the PFM signal, which contains information about the d33 sign, strongly depends on the driving frequency relative to the resonance. Verification of a true sign of d33 requires reliable, artifact-free measurements of the PFM phase signal and careful selection of the measurement conditions 64 , and should be further corroborated by the local probe quasistatic strain measurements. To date, there are very few systematic studies of the effect of confinement, chemical doping or electrical cycling on the sign of the piezoresponse in the hafnia ferroelectric family. As a result, there is still a lack of understanding of the mechanism for what seems to be a unique opportunity to tune piezoelectricity in these materials.

Theory. As regards theory and simulation, HfO2-based FEs pose singular challenges. These compounds present many polymorphs that constitute robust (meta)stable phases separated by relatively high energy barriers. In such conditions, even the identification of a reference paraelectric structure becomes non-trivial, and so does the elucidation of polarization switching paths. The t-polymorph is usually taken as the centrosymmetric phase associated to the usual o-FE state and based on this choice, ferroelectricity is interpreted as having an improper nature 37 . However, if the t-polymorph were indeed the experimentally relevant high-symmetry phase, one would expect to find four different polarization domains in the samples, something that has not been observed. On a related note, it has been recently emphasized that in HfO2-like FEs, calculation of the spontaneous polarization itself is not trivial as it relies on an underlying assumption about the switching path between the positive and negative polarization states 71 : the usual choice of paththrough the tcentrosymmetric phaseultimately leads to a negative longitudinal piezoresponse.

However, there exists at least one competing switching path 71,33 that involves a different polarization assignment (i.e. the state usually interpreted as having a positive polarization would now have a negative one) and leads to a positive longitudinal piezoresponse. In other words, although the atomistic mechanisms controlling the piezoresponse 31 stay the same regardless of the switching path, the sign of d33 may vary. It remains to be seen which switching path is experimentally relevant or whether it may even be possible to deterministically control the path for intrinsic polarization switching. Other exotic theoretical predictions, such as the dependence of the d33 sign on mechanical constraints 31 , seem to be more directly related to the experimental conditions and could be tested in the near future.

Advances in science and engineering to meet these challenges

Recent years witnessed significant progress in the enhancement of the piezoelectric properties of FEs via domain engineering, controlling structural instability and redistribution of mobile ionic species 72,73 . In HfO2-based FEs, structural transformations induced by electrical field cycling are strongly coupled to their electromechanical behavior. Sophisticated processing methods, structural phase engineering, stoichiometry control, and advanced techniques for macro/nanoscopic electromechanical testing provide a foundation for designing HfO2-based materials with tunable piezoelectric properties opening a possibility for their utilization in a variety of nanoelectromechanical devices. Fabrication of thick (hundreds of nanometers) HfO2 films by CSD 74 22 electromechanical applications as they provide a larger mechanical strain. Recent reports on the giant enhancement of piezoelectricity by field-induced rearrangement of oxygen vacancies in centrosymmetric materials 72 and the favorable effect of oxygen deficiency on the ferroelectricity in HfO2 are indicative of the viability of this approach for better understanding and control of the tunable piezoelectric activity of HfO2. Availability of the macroscopic (DLBI) and nanoscopic techniques (PFM) sensitive to the electromechanical strain provides a set of necessary tools for testing piezoelectricity over a broad scale range and establishing a correlation between the global (device-level) and local piezoelectric behavior.

From a theoretical perspective, understanding piezoelectricity in HfO2 FEs requires firstprinciples modeling of all relevant polar and non-polar polymorphs -and the paths connecting them -as a function of composition. This kind of knowledge is particularly relevant for addressing the piezoelectric properties of HfO2 because of the basic problem of how to interpret the measured spontaneous polarization, which, in turn, is related to the uncertainty about the switching path. The effective-Hamiltonian and second-principles approaches that have been so successful to study FE perovskite oxides 75,76 do not seem suitable here. (Among many difficulties, let us mention the question of whether a suitable reference state can be defined or not, 34 and the challenge of treating multiple switching paths -involving the formation and breaking of bonds -within such perturbative formalisms. Instead, other force fields 77,78,79 and machined-learned models appear to be the methods of choice. Recent publication of machine-learned potentials for HfO2 is excellent news 48 .

Concluding remarks

Addressing the full complexity of the HfO2-based FE compounds associated with different phases, domain configurations, vacancies, grains, and interfaces will be a major test for the approaches mentioned above, both experimental and theoretical. In particular, oxygen vacancies are known to play an important role in the measured electric properties of these compounds, and the piezoresponse cannot be expected to be an exception. The predicted multiplicity of polarization switching paths, which implies an easy migration of oxygens from cell to cell, suggests a critical role of these extrinsic contributions and should become a major focus of attention. A combination of local probe and electron microscopy studies with structural characterization along with electrical and electromechanical testing is required to achieve a deeper understanding of the physical mechanism behind the observed high variability of the piezoresponse and to provide a physical foundation for tailoring the piezoelectric properties of the HfO2-based FEs. Bridging the gap between theory and experiment, particularly by addressing the extrinsic factors in the calculations, is very challenging, but its successful implementation will facilitate much faster progress.

Ultimately, the difficulties that HfO2 FEs pose are also one of their main appeals: never had we seen a FE compound with so many possibilities for experimental control of the piezoelectric properties, from a mechanical reversal of the sign of the piezoresponse without even having to switch the polarization 31 80 . Since the FE dipole in this crystal phase is temperature dependent, a temperature change in FE HfO2 or ZrO2 can lead to the modulation of surface charge and voltage potential at the device terminals (primary pyroelectric effect). The generation of a pyroelectric voltage or current will only occur in these FEs after being polarized by the application of an electric field of sufficient strength or if the films are grown with a preferred out-of-plane dipole orientation 81,82 .

FE doped HfO2 and Hf1-xZrxO2 most frequently exhibit a polycrystalline structure, which leads to a pyroelectric coefficient that is proportional to the Pr and, therefore, highly dependent on the electrical history of the device, such as wake-up cycling or poling field strength 83,82 . Wake-up causes a simultaneous increase in Pr and p in doped-HfO2 and HZO FEs 83,81 . A wide variety of dopants that induce ferroelectricity in HfO2, including La, Gd, Al, Si, and Sr have exhibited comparable pyroelectric performance that generally depends on the product of εr and Pr 84,85 . Pyroelectric coefficients with a magnitude between 20 -90 μC m -2 K -1 in FE doped-HfO2 and HZO films are most commonly reported in planar devices 81,83,84,85,80,82 . Larger pyroelectric coefficients exceeding -100 μC m -2 K -1 have been reported for Si-doped films near a morphotropic phase boundary 86,87 . A plot of p vs. Pr is shown in Fig. 4(a). The giant pyroelectric effect, which involves a much larger temperature range and irreversible phase transitions, has been indirectly calculated with a magnitude up to -1300 μC m -2 K -1 in Si-doped HfO2 88 . Voltage responsivity (FV) and current responsivity (FI) are common material figures of merit for pyroelectric detectors that are used to assess the maximum output voltage and output current, respectively. Figure 

Current and future Challenges

Polycrystalline FE HfO2 and ZrO2-based films are frequently formed with coexisting crystal phases that can be influenced by the film deposition conditions, film thickness, annealing temperature, type of incorporated dopant, and dopant concentration 81,83,84,85,80,82,88,91,86,87 . Nonpolar phases such as the t-P42/nmc phase (k ~ 40)

and the P21/c m-phase (k ~ 18) can coexist with the polar Pca21 o-phase (k ~ 30) in polycrystalline FE films. The presence of m-and/or t-phases is generally undesirable for pyroelectric films because of the resulting lower Pr of the FE fluorite structured films, which can decrease the pyroelectric coefficient. However, the morphotropic phase boundary between the o-and t-phase enhances the pyroelectric coefficient, and the slight co-presence of the t-phase can, in this case, be beneficial, especially if wake-up cycling is performed to facilitate an irreversible tetragonal-to-orthorhombic phase transition.

The m-phase is particularly harmful for pyroelectric devices since its low relative permittivity can establish large depolarization fields and lower the effective permittivity of the FE film, adversely affecting the pyroelectric coefficient. The annealing temperature and doping concentration can impact the formation of the m-phase 81,84 , but the m-phase 
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problematically exhibits a strong film thickness dependence. The monoclinic phase has been widely observed to grow as the film thickness is increased beyond 15 nm in the atomic layer deposited FE doped HfO2 and Hf0.5Zr0.5O2 82 . Thicker pyroelectric films can improve the output voltage of pyroelectric sensors, which simplifies the sensing circuits.

The growth of the monoclinic phase with increasing film thickness is problematic from this point of view. The increase in grain size and decrease in in-plane tensile stress with growing film thickness make the m-phase more energetically favorable than the o-and tphases, thus creating challenging conditions to manufacture thicker FE HfO2-based films with best-in-class pyroelectric performance.

One method to inhibit the formation of the m-phase is to interrupt the crystalline structure of the FE films by incorporating a 0.5 -1 nm amorphous oxide layer in films thicker than 10 nm. This technique was successfully demonstrated for Si-doped HfO2 with Al2O3 interlayers where a total film thickness of 50 nm was grown without the formation of the monoclinic phase, and a pyroelectric coefficient of 62 μC m -2 K -1 was reported 83 . The interlayer approach to fabricate thicker pyroelectric films is not necessarily flawless, however, since the pyroelectric coefficient decreased from 84 to 62 μC m -2 K -1 when increasing the Al2O3 interlayer Si-doped HfO2 film thickness from 20 to 50 nm. New methods to further increase the pyroelectric coefficient, film thickness, and loss tangent would benefit pyroelectric applications such as infrared sensors.

Advances in science and engineering to meet these challenges

Key advantages FE HfO2-based pyroelectrics have over other pyroelectric materials are its CMOS compatibility and the mature deposition capabilities available for thin films. Threedimensional trench capacitors have been demonstrated with FE HfO2-based pyroelectric materials [START_REF] Mart | 2018 48th European Solid-State Device Research Conference (ESSDERC)[END_REF][START_REF] Lehmkau | Oxide-Based Materials and Devices XIII[END_REF] . These trench capacitors greatly increase the effective pyroelectric coefficient when compared to planar capacitors. Moreover, a CMOS-compatible integrated infrared sensor with doped HfO2 has been demonstrated comparing planar and trench capacitor pyroelectric performances [START_REF] Lehmkau | Oxide-Based Materials and Devices XIII[END_REF] . In that work, trench capacitors magnified the effective area and the responsivity by a factor of 15 compared to the planar pyroelectric HfO2-based infrared detectors. However, the authors observed that the trench capacitors increased the electrical capacitance and noise, preventing the sought-after improvement in signal-to-noise ratio compared to the planar devices [START_REF] Lehmkau | Oxide-Based Materials and Devices XIII[END_REF] . Moreover, the geometry of trench capacitors might preclude some pyroelectric applications, such as thermal array imagers, since incident radiation may not be uniformly sensed from the environment compared to planar thermal pixels. Reducing the loss tangent and increasing the FE HfO2 film thickness without degrading the pyroelectric coefficient are required to improve infrared sensors developed from fluorite pyroelectrics.

Laminate structures, superlattices, refinements in processing, and doping strategies should facilitate incremental improvements in the pyroelectric performance of FE HfO2 thin films.

In particular, optimization of the FE films for pyroelectric applications will require (i) minimization of the m-phase, (ii) a high Pr, (iii) improvements in film deposition processing, and (iv) a suitable poling technique to achieve optimal pyroelectric performance. CSD is a good candidate to realize much thicker FE HfO2 and ZrO2-based films for improved infrared sensor characteristics. Pyroelectric measurements on epitaxial films could also give further material insight since polycrystalline effects can be excluded.

Pre-poling or self-poled FE capacitors through the fabrication process would be preferable for production processes of infrared sensors.

Pyroelectric energy harvesting devices that take advantage of the giant pyroelectric effect on FE HfO2 and ZrO2 films have been predicted to be very promising based on indirect calculations 88 , but direct measurements are needed to better assess the material performance for energy harvesters. Phase transitions or films near the morphological phase boundary could be further exploited in a wide variety of doped HfO2 and ZrO2 films to achieve enhanced pyroelectric and giant pyroelectric effects. Direct measurements of the giant pyroelectric effect through phase transitions will help to reveal this material system's full potential for pyroelectric energy harvesting devices. In conclusion, there remain many opportunities to both discover and optimize more pyroelectric properties in these fluorite-structured ferroelectrics.

e. Negative Capacitance (Michael Hoffmann)

Status

Negative capacitance (NC) occurs when the charge on a capacitor changes oppositely to the voltage across it, which can be caused by various physical phenomena in different materials and structures 95 . In 1976, Landauer first proposed that FEs should exhibit NC due to their polarization instability 96 , but experimental evidence only started to appear some thirty years later 97 . Importantly, there are two different types of NC, which must be distinguished: be used to amplify the voltage in nanoscale transistors, thus overcoming the fundamental limit of the subthreshold swing (SS) of 60 mV/decade at room temperature 98 . However, the first experimental NC results were obtained in epitaxial perovskite FEs, which are not compatible with standard semiconductor manufacturing 99,100 .

From the integration point of view, fluorite-structure FEs based on HfO2 and ZrO2 are ideal for NC applications since they are scalable and can be easily integrated into advanced semiconductor devices 101,102 . The first direct measurement of transient NC in fluoritestructure MFM capacitors was reported in 2016 103 . Since then, stabilized NC has been demonstrated in pulsed electrical measurements of FE/dielectric and AFE/dielectric capacitors using relatively thick films (~10 nm) and large voltages (>5 V) 51,104,105 . It has been proposed that NC in such heterostructure capacitors could enable higher energy storage density and efficiency in electrostatic supercapacitors 106 . However, the origin of these experimental NC effects observed in fluorite-structure ferroelectric capacitors has been debated. For example, it has been argued that parasitic circuit components could result in similar transient NC behavior as observed in MFM capacitors 107 . It was also suggested that the charge boost in FE/dielectric capacitors might be explained by ferroelectric imprint and reverse switching from a vortex-like domain structure 108 .

Furthermore, there have been many reports of transistors with fluorite-structure gate oxides, which exhibit below 60 mV/decade SS under certain measurement conditions 109 . However, the vast majority of these claimed "NC transistors" seem to exhibit a transient NC effect with substantial hysteresis, which limits their potential for applications 101,110,111,112 .

Unambiguous reports of NC transistors with hysteresis-free sub-60 mV/decade SS are still elusive so far. Nevertheless, it has been shown that ultrathin (<3 nm) fluorite-structure gate oxides can lead to improved performance of scaled transistors compared to regular amorphous HfO2, even when the SS is still larger than 60 mV/decade at room temperature 102 . Recently, it has been shown that 2 nm thick HfO2/ZrO2/HfO2 (HZH)

superlattices with mixed FE/AFE order can reduce the equivalent oxide thickness (EOT) of advanced transistors down to 6.5 Å, lower than the physical thickness of the SiO2 interfacial layer 63 . These promising results suggest that the HZH layer can be stabilized in 

Current and Future Challenges

To enable NC transistors based on fluorite-structure (anti)ferroelectric oxides with even lower EOT and SS values, several critical challenges must be overcome. While some of these challenges are related to our limited understanding of NC and the basic material properties of fluorite-structure oxides, others stem from the need for a practical NC device design and FE material integration 101,113 . While the microscopic origin of NC is relatively well understood in model systems such as epitaxial perovskite FEs 99,100,114 , it is less clear in fluorite-structure (anti)ferroelectrics so far.

For example, fluorite-structure (anti)ferroelectric thin films are typically polycrystalline with complex domain topologies as well as mixed FE and non-FE grains of various sizes and orientations 115 , which makes the microscopic imaging of the domain and grain structure challenging. Charge trapping effects can play an important role due to the presence of defects at interfaces and grain boundaries 101 . This complicates the development of more accurate NC models for fluorite-structure oxides, which need to take at least the domain and grain structure into account 116,117 . From a theoretical point of view, the basic anisotropy and domain coupling constants, as well as the domain wall mobilities, are still not well established. So far, these critical values for NC device simulation are typically fitted to experimental data. Without realistic estimates for these values, it is challenging to understand the microscopic origin of NC in fluorite-structure oxides 117,118 and to assess the theoretical limits of NC devices based on these materials.

For the development of nanoscale NC transistors, the gate oxide should ideally be as thin as 2 nm. While fluorite-structure (anti)ferroelectrics in this thickness range tend to become more textured when grown on silicon by ALD, they still show substantial spatial inhomogeneity in part due to their t-/o-phase mixture 63,119,11 . This presents a challenge for ultimately scaled NC transistors, which might exhibit larger device-to-device variability due to the polycrystalline nature of the gate oxide, which in conventional devices is amorphous. While there is currently no experimental data to support this, variability might also be exacerbated for scaled 3D NC transistors like FinFETs or nanosheet FETs. One major challenge in achieving hysteresis-free sub-60 mV/decade SS in NC transistors seems to be the large change in the quantum capacitance of the semiconductor channel with gate voltage 120 . Furthermore, the need for a thin SiO2 interfacial layer in silicon-based devices might 'absorb' most of the NC benefit, leading to an overall positive capacitance of the gate stack and, thus SS larger than 60 mV/decade 63 .

Advances in science and engineering to meet these challenges

In recent years, substantial progress has been made on both the demonstration and understanding of NC effects in fluorite-structure (anti)ferroelectrics 121 . On the theory side, multi-domain and even multi-grain numerical models have been developed, which are able to reproduce experimental NC data 116,118,117 . Furthermore, first-principles calculations have revealed some of the unique domain wall properties of fluorite-structure ferroelectrics 42,43,122 , which are crucial to better understand the microscopic origin of NC.

Especially the importance of topological domain walls 43 might explain the qualitative differences of NC behavior observed in thicker (anti)ferroelectric/dielectric capacitor structures 51,104,105 compared to ultrathin mixed-phase films 63 Beyond nanoscale transistors, other promising applications for NC include energy storage 106 as well as actuators and sensors 126 . From a more basic research point of view, experiments on NC could also give new insight into the fundamental switching mechanism of (anti)ferroelectric fluorite-structure oxides 105,118 , which is still not fully understood 127,44,43 42,39 , suggesting a possible preference of antipolar domains even in an infinitely-large, pristine HfO2 crystal. Moreover, the domains separated by such DWs have shown to persist its polarization at the ultimate scale, i.e., a half-unit cell width (~ 2.5Å) 42,15 Theoretical studies suggest that DW dynamics and the polarization switching mechanism in HfO2-based FEs can be markedly different from those in perovskite FEs. In particular, the energy barrier for the DW motion in HfO2 via the most stable 180° DW is calculated to be more than an order of magnitude higher than its perovskite counterparts 42,39 . Lee et al. 35 pointed out that the polar domains in HfO2 can be independently switchable (or nucleated) down to the ultimate limit 39 , with a high energy barrier that is similar to that of the DW motion (Fig. 5a). While this suggests a potential use of HfO2 for a novel ultra-dense memory 39 this also implies that the intrinsic polarization switching of HfO2 films as a whole can be extremely inefficient. PFM measurements support this model, which showed about 100 times lower DW velocity compared to PZT 131 . According to this model, however, DW motion becomes practically impossible in HfO2 FEs. The absence of DW motion within a grain would translate to an ultra-slow switching speed even for NLS mechanism, which would impose limitations on the applicability of HfO2 in the emerging FE devices, including FeFETs and negative capacitance field-effect transistors (NCFETs).

Meanwhile, Choe et al. pointed out that the high switching barrier in the proposed model is attributed to the structural change that reverses the quasi-chirality of the domains 43 . To find a low-barrier switching mechanism, they devised a tetragonal phase-like DW composed of 2-half-unit cells (two consecutive ivory-colored boxes in Fig. 5b), which leads to the same quasi-chiral symmetry within the neighboring domains. Such DW could significantly reduce the switching barrier, allowing for a rapid DW propagation in HfO2. Moreover, as illustrated in Fig. 5b, it can be created by a new type of domain nucleation model involving 3-half-unit cells 43 , which is calculated to be energetically preferred over the seemingly plausible half-unit cell nucleation. Together, these findings demonstrate that the fast nucleation and growth within a grain can be feasible through topological DWs in HfO2, as has been hinted by indirect evidence in experiments [START_REF] Bae | IEEE International Electron Devices Meeting (IEDM)[END_REF]133,[START_REF] Lyu | IEEE Symposium on VLSI Technology and Circuits (VLSI Technology and Circuits)[END_REF]135,136,533 . Lattice mode analysis by Qi and Zhao has revealed several more chirality-preserving switching mechanisms via the topological DWs 38,122 .

It is worth mentioning that an alternative FE switching mechanism, based on the intermediate o-(Pbcm) phase, also exists 13743 . In addition to a 35% increase in remanent polarization, an intriguing feature of this mechanism is its counterintuitive labeling of the polarization orientation 43 , precisely opposite to the scenarios in Fig. 5, arising from the opposite O atom movement during FE switching. Much room remains for further studies regarding its role in the different signs of the piezoelectric coefficient 138,64 , O migration 139,43,140 ,and DW growth 141,142 . ). While such calculations can provide fundamental insights into DW physics, they cannot capture the realistic DW dynamics that involve collective and complex processes. A critical shortcoming, for example, is that the currently estimated Ec from first principles is generally an order of magnitude higher than the experimental values 137,45 . There is no reliable first-principles estimate for the DW velocity in HfO2 as well. The Ec and DW velocity of HfO2 should be quantitatively understood using large enough supercells (> 64

nm [START_REF] Das | [END_REF] ), as they are among the most important features affecting the performance of FE devices. In addition, understanding the effect of surfaces 143 , interfaces 144 , and defects 145 on the DW stability and dynamics is required. Utilization of large-scale density functional theory (DFT) 146,147 , machine-learned force field (MLFF) 48,148 , and effective lattice Hamiltonian approach 75 in FE HfO2 is desired to gain deeper first-principles insights into the DW dynamics and Ec. This will also help set up macroscopic models for device-scale simulations, such as phase-field simulations 149,116 and TCAD, which require many fitting parameters that are generally not accessible to experiments.

Experimental access to the DW structure and their dynamics at the atomic level is difficult.

In HfO2-based FEs, their highly polycrystalline nature 150 with the <20 nm crystallite size and the mixed competing phases 16,151 add additional layers of complexity 119 . One of the most important requirements for accurate identification of DWs is the reliable imaging of oxygen atoms in doped HfO2 along specific crystallographic orientations 43,130,56 . Given a range of theoretically discovered DWs 42,43,122 , and with only a handful of observations 115,55,130,56 , further experimental study with advanced microscopy is needed.

Unfortunately, direct observation of DW dynamics in FE HfO2 poses even greater challenges. For example, piezoelectric force microscopy (PFM), the most widely used scanning probe microscopy (SPM) for dynamical studies, cannot provide real-time information on the DW motion at the atomic resolution 152 . Alternatively, in situ TEM typically requires special processing techniques, and it often does not represent the actual operating environment. Advances in the atomic-scale in situ/operando electron microscopy 153,139 , together with in situ SPM 154 , could enable the experimental confirmation of the unique functional properties of DWs in HfO2 and further inspire the exploration of new DW physics.

Concluding remarks

The discovery of ferroelectricity in HfO2 has not only triggered a resurgence of interest in FE devices, but it is stimulating the quest for a deeper fundamental understanding of their unconventional FE behavior. We are beginning to recognize the diversity and functionality of DWs in the Pca21 phase of HfO2. We anticipate that new types of functional DWs and/or intriguing topological morphologies will be experimentally revealed in the near future.

Other competing FE phases, including recently suggested o-(Pnm21) 151 and rhombohedral (R3 or R3m) 19 phases may also possess distinct types of DWs with various DW angles,

where their DW structures remain largely unexplored. The fundamental insights obtained into the nature of DWs and their dynamics will offer a more rational design and engineering of emerging FE devices, further accelerating their development.

4. Bulk Growth (Xianghan Xu, Fei-Ting Huang, Sang-Wook Cheong)

Status

The challenge of quantum materials innovation comes with fabricating stable micro-devices with physics dominated by quantum mechanism, which has led to world-wide research efforts on functional properties of quantum materials. Likely, film forms will be used for those quantum material devices, but it is necessary to have bulk crystals to study intrinsic physical properties. In addition, there can also be applications using bulk crystals; for example, FE bulk crystals of BaTiO3, LiNbO3, and PMN-PT have been used for rectifiers, oscillators, and piezoelectric actuators. For the new generation of quantum materials, investigating a workable bulk crystal growth technique is a fundamental step to push them from laboratories into the realm of massive industrial production and applications, and HfO2 growth is one good example.

Being studied as a high-κ material that shows good compatibility with the Si-based microdevices, the investigation of HfO2 bulk single-crystal growth has never stopped. In 1966, A.

B. 

Current and Future Challenges

The polymorphic nature is the major difficulty in the growth of bulk HfO2 in a certain desired phase. Typically, all the bulk single-crystal growth techniques involve an equilibrium crystallization of the thermodynamically most stable phase at the growth temperature and chemical environment, which doesn't encourage the growth of kinetically stabilized o-HfO2 bulk crystals. However, in HfO2 films, the relative energy of polymorphs and transformation kinetics between them have been found strongly depending on factors like doping 163,53,164,165,166 , oxygen vacancies 28,167,168 , stress/strain 169 , cooling rate 170,171 , and surface energy 22 . Therefore, the synergetic interplay of some of those factors seems the right approach to search for kinetically stabilized phases in HfO2 bulk materials.

For undoped HfO2, the structure undergoes the monoclinic (m, P21/c), tetragonal (t, P42-/nmc), and cubic (c-Fm-3m) phases with elevated temperature. Attempting to quench undoped HfO2 bulk crystals from the high temperature cubic phase results in the monoclinic phase at room temperature, which means the energy of kinetically stabilized phases remains high in undoped HfO2. Inspired by the fact that introducing dopants such as Zr 4+ , Si and Al 3+ , the radius of Y 3+ is much closer to Hf 4+ , which ensures good solubility in the bulk limit. That could be the reason why Y-doped ferroelectric HfO2 samples tend to show minimized size dependence. On the other hand, this radius similarity may also bring a side effect, which is a relatively smaller orthorhombic distortion magnitude in Y:HfO2.

Consequentially, the reported ferroelectric polarization of bulk Y:HfO2 and 1-μm-thick Y:HfO2 films are 6 μC/cm 2 and 15 μC/cm 2 , respectively, which is smaller than the reported value in ferroelectric HfO2 films with rare earth dopants having a larger radius, for example, 40 μC/cm 2 in La:HfO2. 532 In the future investigation of size-independent ferroelectricity in HfO2-based materials, refinements of growth and annealing techniques and parameters to achieve a higher polarization in Y:HfO2 is desired. Moreover, based on the discussion above, rare earth ions with a similar radius with Hf 4+ , such as Ho 3+ -Lu 3+ , are also promising dopants in the stabilization of size-independence ferroelectricity in HfO2based materials.

Last but not least, Yttrium-stabilized Zirconia (YSZ) is known to be a famous ionic conductor material due to the excellent Yttrium mobility at high temperature, and it has been widely used as thermal barrier coating layer material for gas turbine engines and the lining materials for high-temperature furnaces 173 . A similar study of the ionic conducting performance of bulk Yttrium-stabilized Hafnia (YSH) in the high-temperature regime may extend the industrial application of HfO2-based materials into new realms.
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Current and future challenges

Epitaxial growth

Since the polarization axis differs for each metastable phase, it is critically important to control the crystallographic orientation of the HfO2-and ZrO2-based films in order to fully exhibit ferroelectricity and antiferroelectricity. In particular, an epitaxial growth technique, so-called metal-organic vapor phase epitaxy (MOVPE), is preferred for developing a fundamental understanding of growth mechanism, phase stability, doping and strain effects, domain structure and its switching behavior, electrical properties, etc. However, a comprehensive understanding of the growth phase diagram and the process window for each metastable phase is lacking. In addition, the effects of organometallic precursors and deposition conditions on the crystal growth of HfO2-and ZrO2-based FEs/AFEs remain to be studied in detail. Moreover, lowering the thermal budget required for film formation is also an important challenge, enabling the reduction of thermal damage during device manufacturing. Therefore, an understanding of the epitaxial growth process is required at the fundamental level throughout detailed studies of precursor adsorption, diffusion on the underlying electrode layer, nucleation, and growth rate as a function of deposition conditions via theoretical and experimental approaches focusing on the metastable phase.

Another key to achieving orientation control is the selection of an underlying electrode layer, which promotes the oriented growth of the metastable phase. For example, indium tin oxide and lanthanum strontium manganite have been paid attention as epitaxial electrode layers to support the formation of orthorhombic and rhombohedral phases, respectively.

The deposition of these epilayers by MOVPE is an interesting topic for the simplification of manufacturing processes of FE/AFE capacitors.

Pulsed-MOCVD

Layered structures (e.g., bilayer, multilayer, and superlattice) composed of HfO2-and ZrO2-based nanolayers are one of the unique approaches to improve dielectric, FE, and AFE properties, which can significantly enhance various device performances such as endurance, fatigue recovery ability, storage capacity, etc. It is also possible to design the functions by combining multiple electrical characteristics. In the case of MOCVD, the layered structures can be achieved by introducing a pulsed deposition system. This system allows alternate delivery of each precursor onto the substrate, and the cycle is repeated to form layered structures. At that time, it is necessary to precisely control the composition of each layer. Until now, HfO2/ZrO2, HfO2-based/ZrO2-based, and FE-(Hf,Zr)O2/AFE-(Hf,Zr)O2 have been studied. The next challenge of pulsed-MOCVD is multicomponentization, such as HfO2/ZrO2/CeO2. The interesting topic is the control of constituent phases and electrical properties by utilizing the strain induced at the interface between layers. It is known that the piezoelectric response of superlattice structure is larger than that of film form. Since there has not been much research aimed at piezoelectric applications of HfO2-and ZrO2-based ferroelectrics, the development of layered structures opens up new possibilities for these materials. However, an understanding of the synergistic effect of each layer on phase stability and electrical properties is not fully available. In addition, this effect is highly dependent on the layer thickness, which is controlled by the supply time of each precursor. Tuning of the layered structure as a function of pulsed deposition system parameters is, therefore, essential for elucidating synergistic effects through microstructural analyses focused on interface conditions, polarization states, and defects.

High step coverage

Three-dimensional capacitors based on deep trench structures are widely used in ferroelectric memory devices. Adaptation of HfO2-based FE ultrathin films to this capacitor could make a breakthrough in the miniaturization of trench patterns and high aspect ratio. phases on the substrate with three-dimensional shape. This challenge requires an exploration of chemical composition to intrinsically improve the stability of the metastable phases. Another is the realization of high step coverage of the HfO2-based ultrathin films and top/bottom electrodes. Precise control of the deposition conditions (e.g., the supply rate of sources, deposition temperature, and pulse sequence) is required to uniformly cover the trenches and fins. Understanding the convection of source gas within the chamber via fluid analysis helps establish the process window. The future challenge is the deposition on the metal substrate with various shapes. Since metal substrates are excellent in workability, they are easy to apply to FE devices with a three-dimensional structure. It is also expected to develop into devices that take advantage of the flexibility of metal substrate.

Concluding remarks

MOCVD is an important deposition technique impacting the ever-developing HfO2-and ZrO2-based FEs/AFEs field. This is because it yields unique results, such as excellent controllability of film thickness and chemical composition, design of the layered structure and electrical properties, and high step coverage. In particular, MOVPE helps to better understand the effects of doping, film thickness, strain, and crystallographic orientation on phase stability, enabling full exploitation of ferroelectric/antiferroelectric properties.

However, the current situation is that the use in this material field has not progressed yet. of organic-acid salts, and other solution-based processes using various chemicals ( βdiketonates, carbonylates, inorganic salts, etc.) as starting materials. These processes generally involve several simple steps, i.e., coating the precursor solution on a substrate, drying or pyrolyzing the solution to form a precursor gel film (amorphous), and annealing the gel film for crystallization. We argue that the process flow of CSD is compatible with chemical engineering, thus, favorable for industrial mass production such as a large-area film deposition on flat panel substrates. The CSD process for FE thin films has been used for almost forty years, mainly for perovskite-type ferroelectric materials such as Pb(Zr,Ti)O3 177,178 , BiFeO3 179,180 , and layered-perovskites. 181,182 The research and development R&D) of CSD-derived ferroelectric films has been diverse, i.e., for processing routes and material properties of Research on CSD-derived FE films recently has shifted to non-perovskite fluorite-type films since the finding of ferroelectricity in HfO2-based solid solution systems. 53,164 The first report by Starschich et al. 183 on Y-doped HfO2 films prepared by the hybrid-type CSD route presented the film's ferroelectricity (with remanent polarization of >13 µC/cm 2 ) together with their "wake-up" behavior and piezoelectric response. This research was extended to doped HfO2 with various dopant elements (e.g., lanthanides, transition metals, and alkaline metals), as well as solid solution systems such as HZO 74,184,185 and HfO2-CeO2

(HCO). 186 The CSD process supports the research on HfO2-based FE films significantly because it is compatible with multi-component materials, enabling systematic survey on solid solution systems in the manner of combinatorial chemistry. The process mechanism of CSD has also been extensively investigated because solution-derived precursor films (amorphous) exhibit unique crystallization behavior to form the FE o-phase, which is somewhat different from the precursor films obtained from vapor deposition processes such as ALD, pulsed laser deposition (PLD) and sputtering. 74,184 CSD processes has been used to fabricate FE circuits such as FeFETs or ferroelectric gate transistors (FGTs) in which FE HfO2-based films are used as gate insulators. 187,188 Current and future challenges

Combinatorial research on doped HfO2 has involved a variety of dopant elements (Y 3+ , La 3+ , Nd 3+ , Sm 3+ , Er 3+ , Yb 3+ , Al 3+ , Ga 3+ , In 3+ , Mg 2+ , Sr 2+ , Ba 2+ , Co 2+ , Ni 2+ and Ca 2+189,190,191192193 ) to systematically organize the effect of dopant species on phase- films can be easily controlled by regulating the species and concentrations of solutes in the precursor solution. Research on doped HfO2 will be extended to "co-doped" systems that include two or more dopant species, such as Y-doped HZO, 194 for addressing future challenges, i.e., stabilizing the FE HfO2 phase, enhancing the Pr or Ps, and controlling their wake-up (or fatigue) behavior.

The crystallization mechanism of CSD-derived HfO2 films has been extensively investigated because they can be subjected to the effects of any process factor (e.g., residual stress caused by byproduct removal and organic or carbon impurities included in the precursor gel films) compared with vapor deposition processes. For example, reports indicated that CSD-derived HfO2-ZrO2 films tend to exhibit optimum composition with the ZrO2-rich region 74,184 , which is somewhat different from HfO2:ZrO2 = 0.5:0.5 for ALDderived films 164 ; it can occur due to in-plane tensile stress generated by the pyrolysis or crystallization process. The mechanism of phase formation in CSD-derived HfO2-ZrO2

films is also controlled due to the conditions of pyrolysis and crystallization (i.e., temperature, atmosphere, and pressure 185,184,194 ), which can be more significant than vapor deposition processes because of the presence of hydrocarbon impurities. Also, systematic data for the crystallization mechanism of doped HfO2 films are reported in recent works 189,193192 , which discussed the thermal decomposition behavior of the precursor solutions to form final products based on thermal analysis. Comprehensive approaches will be considered for solving the problems related to process factors, i.e., designing starting chemicals (alkoxides, β-diketonates, organic acid salts, etc.) and solvents that enable complete removal or byproducts from the precursor films without residual stress.

The microfabrication process of FeFETs would be one issue of great importance for R&D of ferroelectric thin films. In the most recent studies, CSD is related to process flows of FeFETs in which the CSD-derived films of FEs (Y-doped HZO 194 and HCO 188 and ITO were used as the ferroelectric gate and oxide channel layers, respectively. They exhibited on/off current ratios of 10 6 ~10 7 and memory windows with hysteresis loops of IDs-VGS curves. The HfO2-based FeFETs were also integrated with paraelectric capacitors to form ferroelectric-gate controlled variable capacitors (Fe-V cap). For advancement to FeFETs with high-density or large-scale integration, the degree of integration and reliability of gate 50 operation will be critical issues for these applications, which can be achieved using the process mechanism of CSD as mentioned above.

Advances in science and engineering to meet these challenges CSD will be used continuously for material research on HfO2-based FE films in the future, especially for combinatorial surveys on multicomponent systems such as a "co-doped

HfO2", owing to its flexible tunability during chemical composition. Almost all metals of alkaline, alkaline-earth, transition, and lanthanoid will be commercially available for such research as starting chemicals of these elements have been delivered for commercial use.

One critical issue with the survey research is the concept of material models, i.e., how to choose the species of dopant elements for the research targets (e.g., phase stability and polarization). Combination with any sophisticated approaches through theoretical calculation (such as a DFT calculation) or statistical analysis (such as a mechanical learning algorithm) 27,28,48 will assist greatly in preparing material models.

Also, to establish the position of CSD processes for commercial use, their essential problems related to byproducts or impurities must be overcome to maintain the reliability of circuit operation on fully integrated ferroelectric capacitors or FeFETs. The process design for the complete removal of organic species from precursor films (preferably before the crystallization step) without residual stress will be necessary furthermore for developing commercial-grade CSD processes. Although optimizing the process parameters for pyrolysis or crystallization is rightly an important approach for them, as clarified in previous research, other innovative actions, e.g., using designed chemicals (alkoxides or coordinate compounds with dissociable functional groups or ligands, etc.) and solvents (liquid media suitable for byproduct extraction including supercritical alcohol or CO2 fluids, 195 etc.) for preparing the precursor solution of CSD, are also expected strongly.

Concluding Remarks

CSD has high compatibility with various situations of material synthesis, e.g., from labscale sample preparation for combinatorial surveys to the manufacturing process of FE components or devices for commercial use. It will be used differently compared with its technological counterparts, i.e., vapor deposition techniques such as ALD, PLD, and 

Status

Research of FE HfO2 pivots around CMOS-compatible polycrystalline films. Pulsed laser deposition (PLD) is scarcely used to grow doped HfO2 polycrystalline films 196,197 even though the FE phase can be obtained with a low thermal budget 198 . Commercial PLD setups allow large-area deposition on several inches wafers, but PLD is not suitable for 3D integration and thus does not compete with ALD. Instead, PLD is well suited for growing epitaxial films, which can be model systems for a better understanding of properties and prototyping devices.

Epitaxial growth of FE HfO2 by PLD is generally performed at a substrate temperature around 700-800 °C and oxygen pressure around 0.01-0.1 mbar, without an annealing process 12,199,200,19,201,202 . PLD is characterized by a very high instantaneous supersaturation and extremely fast crystallization after each laser pulse. This reduces the probability of chemical segregation and formation of secondary phases compared to other techniques.

Yttria-stabilized zirconia (YSZ) fluorite single crystals were first used as a substrate for epitaxial stabilization of the o-phase, usually on indium-tin oxide (ITO) electrodes. The doped HfO2 films replicate the orientation of the YSZ substrate, (001), ( 110) or (111) 199,203,204 . Perovskite substrates, in particular SrTiO3(001) buffered with La0.67Sr0.33MnO3 (LSMO) electrodes, are also used to grow doped HfO2(111) epitaxial films 12,200,19,205,206,207 . The FE phase stabilized epitaxially on LSMO is claimed to be rhombohedral 19 or orthorhombic 200,12 . In-plane and out-of-plane orientation can be 52 modified by using other substrate orientations 208,209,210,60 . Stress engineering allows control of the phase formed, and films on LSMO buffered scandate substrates are almost pure orthorhombic and have a high Pr of around 25 µC/cm 2211 . Furthermore, HfO2 films can be epitaxially integrated on Si(001) using buffer layers 212,213,214,215 . The EC of epitaxial films, unlike polycrystalline films, generally scales with thickness (t) according to the 𝐸 𝑐 ∝ 𝑡 -2/3 dependence 12,201 . PLD-grown epitaxial films rarely exhibit a wake-up effect, and some films present endurance of up to 10 11 cycles 12,216 . Retention is generally very high, and the retention -endurance dilemma that polycrystalline films show is not present 216 .

Polycrystalline or epitaxial doped HfO2 films have also been grown at room temperature by PLD or sputtering, and the FE phase is formed by annealing 217 . Remarkably, polarization is high in films up to 1 µm thick, while polarization generally vanishes in other polycrystalline or epitaxial films thicker than a few tens of nanometers 217 . In this case, Ec does not show thickness dependence.

The PLD plasma under low pressure is extremely energetic and can degrade crystal growth.

Deposition in a mixed atmosphere of Ar and O2 has made it possible to decouple plasma energy and oxidation conditions, and a great improvement of the polarization is obtained in low oxidation conditions (Fig. 8) 218 . On the other hand, lattice strain seems to be less relevant than in conventional FEs. Free-standing epitaxial membranes have been obtained

by chemical etching of the LSMO electrode 219 . After etching, strain relaxes, and the ( 111 

Current and future challenges

As mentioned, the polarization is improved in films grown by PLD under low oxidation conditions. However, the impact of the expected oxygen vacancies on the microstructure and important properties such as reliability and switching mechanisms remains to be determined. On the other hand, the balance between thermodynamics and kinetics, critical in the synthesis of polycrystalline films 220 54

Lattice strain greatly affects the polarization of perovskite ferroelectrics, but its impact on the ferroelectric properties of HfO2 is unclear. It is difficult to separate the effects of lattice strain from other factors, particularly the o-phase fraction. The Pr of epitaxial films increases with the presence of the o-phase, which is controlled by varying the oxygen pressure during the growth, the thickness, or the substrate. In addition, the Pr of epitaxial films on LSMO tends to increase with decreasing out-of-plane lattice parameters, which might indicate the presence of strain effects 12 . However, Pr does not change with bending in flexible epitaxial HfO2 membranes 219 , although this latter result is not conclusive due to the limited explored strain range.

It is unknown why the o-phase is stable in films hundreds of nanometer thick, prepared at room temperature by PLD or sputtering, and crystallized by annealing 217 . The contribution of surface energy is greater in films with small grains and non-columnar growth. Indeed, EC of films prepared by solid-phase epitaxy or polycrystalline films prepared by other methods shows little thickness dependence 217 , while it decreases with thickness in epitaxial films prepared by conventional PLD 12,201 . It is also suggested 217 that the use of Y or another rare earth as a dopant is essential, but the exact mechanism remains to be understood.

Wake-up in polycrystalline HfO2 films is believed to be caused by redistribution of oxygen vacancies and/or t-to o-phase transformation. It is dependent on doping (atom and concentration), but there is a scattering of results for a particular composition. Wake-up in HfO2

is not yet well understood, and epitaxial films could be a convenient model system to investigate it. However, epitaxial films prepared by PLD show little or no wake-up effect. It would be of interest to introduce oxygen vacancies or use alternative electrodes with the aim of generating wake-up to obtain information through the correlation with a wellcontrolled microstructure.

Fatigue is recurrently observed in epitaxial HfO2 films, and minimizing it is a primary Ultra-thin layers are used in tunnel junctions and nanolaminates. The thickness must be ideally homogeneous and controlled with atomic precision. These requirements cannot be met with polycrystalline samples. Epitaxial films may be flatter, but control of thickness at the sub-unit cell scale and over large areas is not yet achieved. In addition, the sharper interfaces produced by epitaxial films can be advantageous to understand device response in ferroelectric capacitors or transistors.

Advances in science and engineering to meet these challenges

PLD chambers in clusters that include an X-ray photoelectron spectroscopy chamber for characterization without air exposure are available. These can be useful to analyze the formation and distribution of oxygen vacancies and redox processes occurring when a top electrode is deposited. On the other hand, the control of oxygen vacancies in film prepared by PLD under mixed Ar/O2 atmosphere 218 can help to determine the impact of vacancies on wake-up and fatigue. Epitaxial growth of LSMO or other conductive oxides, including ITO or other oxides with diverse functionality (ferroelectricity, ferromagnetism, etc.) on HfO2 can also be of great interest to determine the possibility of improving endurance or investigating multifunctional properties in full epitaxial capacitors.

Growth rate directly affects the ratio between thermodynamics and kinetics, but its influence on o-phase stabilization in PLD-grown films has not been investigated.

Furthermore, PLD growth is pulsed, and both instantaneous (thickness/laser pulse) and average (thickness/second) growth rate can introduce kinetic limitations.

Strain effects on polarization are not observed in epitaxial HZO(111) membranes upon bending. Another membrane orientation, particularly (001), could perhaps be more sensitive to bending. On the other hand, stabilization of the o-phase in epitaxial HfO2/LSMO bilayers on Pb(Mg,Nb)O3-PbTiO3 (PMN-PT) or other piezo substrates would allow active control of strain. PMN-PT, with a lattice parameter similar to that of some scandate substrates, is expected to be a suitable substrate. The impact of crystalline orientation determined by substrate orientation on functional properties beyond 56 ferroelectric polarization should also help to the better understanding of properties. On the other hand, comprehensive electrical measurements could get insight into the possible coexistence of intrinsic polarization and extrinsic polarization related to oxygen migration 60,139 .

Whether the robust ferroelectricity in films around 1 µm thick is caused by the dopant atom or by the particular microstructure of the films needs to be determined. Determining the thickness effects in HfO2 films grown by conventional epitaxy and doped with Y and other rare earth elements would be relevant to discern whether the orthorhombic phase is indeed much more stable with a rare earth dopant. On the other hand, detailed microstructural characterization of a series of films with varied dependence of polarization with thickness could provide clues on the causes and suggest new growth strategies to achieve ferroelectricity in thick films prepared by other deposition techniques.

One virtue of FE HfO2 is its robustness at the ultrathin limit, but precise control at such low thicknesses is difficult. PLD can be combined with reflection high-energy electron diffraction (RHEED) to monitor crystallinity, roughness, and formed phases, and even control of thickness with sub-unit cell accuracy in the case that epitaxial growth mode is layer-by-layer. Some HZO epitaxial films exhibit streaky RHEED pattern 225 . RHEED intensity oscillations, not yet reported, would allow unprecedented thickness control for ultrathin HfO2 layers.

Concluding remarks

PLD has been demonstrated to be a highly effective technique for the epitaxial growth of ferroelectric HfO2 with high homogeneity, flat surfaces and interfaces, and excellent functional properties (Fig. 9). Almost FE phase pure films can be obtained by epitaxial stress engineering or by deposition under a mixture of inert Ar and O2 to induce oxygen vacancies. Wake-up is very low or null, and endurance up to 10 

Status

The discovery of ferroelectricity in Si:HfO-2 has attracted massive interest from researchers and industries to solve the longstanding challenges in FE-based memory applications, such as the 130 nm size limit in technology nodes and poor complementary metal-oxidesemiconductor (CMOS) compatibility. 13 10a. 230 Owing to its self-limiting nature and surface-saturated reaction, ALD provides numerous advantages, such as precise control of the thickness of film within the atomic level, excellent film uniformity, conformality, step coverage, and process compatibility, which makes it useful in the semiconductor industry. 231 Due to these advantages, ALD has been successfully implemented into the semiconductor industry mainly to deposit high-k materials (e.g., HfO2) as a gate dielectric. [START_REF] Mistry | IEEE International Electron Devices Meeting[END_REF] Further, to scale down the technology node to a few nanometers, depositing materials on a complex 3D structure such as FinFET 233 and gate-all-around (GAA) FET 234 homogeneously, uniformly, and conformally becomes even more important. Under such circumstances, appropriately employing the ALD in semiconductor processing is a viable option to meet the aforementioned requirements.

Current and future challenges

To be practically applicable, it is important for FE HfO2-based devices to have reliable and uniform properties. Hence, for good reliability of FE HfO2, properties such as less wake-up effect, high endurance, long retention, low leakage current, and high switching speed throughout the surface would be a critical problem and lead to poor reliability.

The first challenge in ALD-deposited ferroelectric HfO2 is to accurately control the chemical composition of the FE HfO2. In ALD, the doping concentration is controlled by the relative ratio between the injection cycles of Hf and dopant precursors. The frequently reported number of dopant injection cycles for 10 nm-thick doped HfO2 (except in the case of Zr-doping) is less than 5, suggesting that the FE properties are strongly affected by minute changes in growth per cycle (GPC). Moreover, based on the physical scaling trends, sub-5-nm films will be required in the near future, which implies that accurate composition control will become more challenging. The unintended doping effect arising from residual impurities or oxygen vacancies is another critical issue. 235,236 It should be noted that the majority of the ALD-deposited FE HfO2 employs organometallic precursors in which the metallic Hf is bonded with an organic ligand. The incomplete reaction during ALD is known to increase residual impurities (such as C, N, and H concentration). The residual impurities can act as trap sites in the electrical bandgap or pinning sites for DWs, which could deteriorate device performance.

The second challenge is to deposit a uniform film with a homogeneous orientation distribution to minimize the device-to-device variation in integrated circuits with FE memories and to improve compatibility with back-end-of-line (BEOL) processes. For the case of 1T-1C FeRAM, one solution is a strategic choice of bottom electrode considering lattice mismatch. For the case of FeFETs where the FE HfO2 is directly grown on a Si substrate, there seems to be no clear solution. Although the report on ferroelectric HfO2 with a preferred orientation thinner than 2 nm can be important progress, 63 there is no clear solution for physically scaling up its preferred orientation to the practical thickness range (~10 nm) with a suppressed leakage current. Achieving uniformity and homogeneous 60 orientation distribution will become more difficult when FE HfO2 films are adopted for more complicated 3D nanostructures such as gate insulators of FinFETs or GAA FETs, 3D capacitors in FeRAMs, and 3D vertical FeFET arrays for post-NAND. Furthermore, it is not certain whether the preliminary results of the Si substrate can be applicable to poly-Si channels. Additionally, to be compatible with the BEOL processes, the entire process, including thermal treatment, should be conducted at a temperature lower than 400 ℃.

Although there have been reports on FE HfO2-ZrO2 films crystallized at <400 ℃, 237,238,239 given that the crystallization temperature generally increases with a decrease in film thickness, inducing ferroelectricity in the as-deposited film without subsequent annealing at sub-5-nm thickness regime is a promising strategy for the BEOL processes compatibility.

The third challenge is to achieve high-quality interfaces at electrodes or semiconductors because the performances of the nanoscale electronic devices are critically affected by the quality of the interfaces. In particular, in the ALD-deposited FE HfO2, an oxygen source is required to oxidize the metal precursors by removing organic ligands. The oxygen sources such as O3, O2 plasma, H2O, and H2O2 have been utilized for the ALD of FE HfO2. 240 These can cause chemical changes in FE HfO2 as well as the bottom materials. For FeFETs, the interfacial or bulk traps formed at the gate stack interface have been a critical factor that limits the endurance of the device. 241 Although inserting a high-k interfacial layer such as SiO2, 242 SiOxNy, 243,244 Al2O3, 245, and TiO2 246 has been suggested as a promising solution to improve the endurance of the device, adding another interfacial layer would increase the operating voltage of the devices, which is undesirable from the viewpoint of power consumption. 63 interfaces. 253,254 Plasma pre-treatment of the bottom electrode or the substrate is a promising method to engineer the lower interface because the initial growth stage after ALD is strongly affected by the concentration of reactive surface functional groups such as -OH. 255 Furthermore, the fabrication of the entire MFM stack without breaking the vacuum in a single ALD chamber, known as sequential, no-atmosphere processing (SNAP), would provide a chemically sharp interface. 256,257 These advances can be effective solutions to achieve reliability in thin film production without inserting additional high-k interlayers.

Concluding remarks

The 

Status

A sputtering deposition is a physical vapor deposition generally carried out in a lowpressure atmosphere (pressure lower than 0.1 mbar). A cathode sputtering setup is at least a secondary vacuum chamber with a target (material to be deposited) and a substrate holder.

Gas flow detectors and DC or RF generators are needed to create and control the electrical discharge of a plasma. The deposit may relate to metals or ceramics. The principle of cathode sputtering consists in generating a plasma formed mainly of high-energy ions (often ionic argon), which will sputter the target and eject atoms from it. The atoms and ions created will then be deposited on the substrate, which can be heated or not. The sputtering process will allow controlling of the film quality by playing on the target nature (metallic, ceramic), plasma pressure and composition (reactive sputtering), DC/RF power applied to the target.

In comparison to ALD grown FE HfO2, few reports on the sputtering-grown samples have been undertaken so far. Various elements can be used as dopants by sputtering to lead to ferroelectricity in HfO2 films: Sc, Y, Nb, Al, Si, Ge, and Zr dopants 259 . We can note that the thicker FE HfO2 film (up to 1 µm thick) was obtained by sputtering Y doped HfO2 target 260 .

Moreover, sputtering of pure HfO2 at different target powers leads to FE o-phase after appropriate annealing 261 . Identically, using ion beam sputter deposition, ferroelectricity can be obtained in pure ZrO2 with r-phase 262,263 or o-phase 264 .

In this present review article, we focus on the zirconium doping of HfO2. The sputter 65 deposition annealing temperature in order to obtain the o-phase is often higher than with ALD, in the range 600°C-900°C 168 . Several explanations can be proposed: less presence of adjuvants such as carbon in order to decrease the crystallization temperature, room temperature deposition leading to a more amorphous state when the ALD process is performed around 250-300°C. Bouaziz et al., however, were able to decrease the thermal budget to 450°C with Pr rising 20 µC/cm² after wake-up cycles 3266 . Hachemi et al. also found an o-phase crystallization temperature of about 370°C, but the annealing was not performed in a rapid thermal annealing system but in situ with very low heating and cooling rates 267 .

Current and future challenges

Different sputter chamber configurations are used: metallic Hf/Zr single target for reactive sputtering 268 , ceramic HZO single target 266,267, and co-sputtering from HfO2 and ZrO2 single targets, which is the most used set-up 269 . Indeed, co-sputtering enables to control of more parameters, especially the zirconium dopant concentration, by tuning the ZrO2 target power 270,271,272,261 . Ferroelectricity is then found for Zr doping concentration from 0% to 50%. Single target sputtering does not allow film composition modulation: one target for one film composition. The Zr and Hf deposition rate is target aging dependent, with possible evolution of the Zr/Hf ratio deposition after deposition, leading to a sputtering repeatability problem. Besides, the use of the metallic Hf/Zr single target only leads to FE films with low Pr: 6 µC/cm² after wake-up cycling 6268 . This low value can be explained by the difficulty of very well controlling the film stoichiometry by reactive sputtering. On the contrary, in the case of ceramic HZO single target sputtering, sputtered and nanostructured films can reach, at a low thermal budget of 450°C, a remanent polarisation of 20 µC/cm², an endurance to 1.10 7 cycles, a reducing wake-up effect, and a long-term retention 266,273 .

Sputtering enables to perfect control as well as engineering the interface between the ferroelectric HZO film and its electrodes by introducing a very thin metallic layer 274,275 , leading to an increase of the Pr at the lowest thickness of 6 nm by tuning the oxygen vacancies in the film. 66

The first important parameter to control the growth of FE HZO films is the deposition plasma pressure. Bouaziz et al. demonstrated the strong impact of the working pressure on the film's structural and physical properties 276 . Indeed, the deposition pressure will modify the mean free path and scattering of sputtered species. Low-pressure deposition (5x10 -3 mbar) led to the formation of an as-deposited m-phase. After post-deposition annealing, the m-phase proportion increased without the formation of o-phase whatever the annealing temperature between 400°C and 600°C (Fig. 11). For as-deposited film grown at high pressure (5x10 -2 mbar), the film is then amorphous. After annealing, the film transformed into m-and o-phases with polarisation loops (Fig. 12). The microstructure, such as grains size and crystallinity and the chemical composition in the sputtered films may be modified by the deposition pressure. Small grains induced more likely the formation of the o-phase. Finally, the third parameter to tune is the single HZO target applied power, which has an influence on the deposition rate but not the Hf/Zr ratio inside the film 267 The current goal is also for the ALD polycrystalline ferroelectric HfO2 films to fix the problems of wake-up and switching endurance. One available solution will be to dope HfO2-ZrO2 with La, as already shown with ALD 277 . Nevertheless, growing multi-cationic films by sputtering will need hard and complex deposition control. Another main current challenge is to produce epitaxial FEs as it is already performed by PLD as shown in a previous section. This will require heating the monocrystalline substrate during the deposition in order to promote the epitaxial growth.

One major future challenge is that, to date, no realization by sputtering of 1T-1C and 1T

FeFET prototypes was presented in the literature, but one can notice the first articles of sputtered ferroelectric HZO films were published several years after ALD ones, and very few groups use up to now this deposition process in comparison of ALD.

Concluding remarks

Sputtering allows to fabricating of state-of-the-art polycrystalline FE HZO films on a silicon substrate (large scale, high polarization values, composition homogeneity, low roughness surfaces, and abrupt interfaces with electrodes, interface engineering) similar to those elaborated by ALD. Besides, this room temperature growth process is CMOS compatible with a low thermal budget and allows to control the film composition, including oxygen vacancies and device microstructuration. However, as it is impossible to realize 3D conformal depositions, advanced industrial applications, like FinFET, will be limited. A typical oxide MBE system consists of a UHV chamber suitable for FE HfO2 growth which is equipped with e-gun evaporators necessary for the co-evaporation of refractory Hf and Zr metals (Fig. 13). An important component of the growth system is a remote RF plasma source which takes O2 gas as input and by creating a plasma, produces neutral atomic oxygen beam. The latter is reactive enough to oxidize Hf and Zr on the substrate at low temperature and under conditions of low partial pressure PO2 ~ 10 -5 Torr, compatible with UHV. The RF source can also produce an atomic N beam; therefore, it is possible to grow the oxides HZO and nitrides (TiN) in sequence without breaking the vacuum. This is particularly important since TiN is considered to be the optimal top gate electrode, so the full device layer structure can be produced in one growth step. While oxide molecular beam epitaxy has been extensively used for the growth of perovskite oxides, it has been rarely employed for the growth of FE HfO2-based oxides.

The main reason is that the thermodynamic/kinetic path of FE HfO2 formation requires deposition at low temperatures in the amorphous state first, followed by annealing for the crystallization of the material in the desired orthorhombic polar phase. Therefore, most of the works are limited so far to the growth of amorphous HZO at relatively low temperature (~ 120 C) by plasma-assisted molecular beam deposition (PA-MBD), rather than epitaxy.

Current and future challenges

PA-MBD has been employed for the growth of HZO on Ge substrates 278,279,280, which produces oxide-free interfaces. Germanates formed at the interface during deposition of HZO on Ge are unstable, and they dissociate, yielding sharp, clean interfaces as evidenced by HRTEM 278 . PA-MBD HZO leads to thin films down to 3 nm, with exceptional thickness uniformity over the entire cm-scale wafer. HZO Ge MFS devices made by PA-MBD 279,280 exhibit robust hysteresis loops with high remanent polarization Pr up to 30 μC/cm 2278 in the pristine state with no need for wake-up when HZO is thicker than 10 nm 280 . However, as HZO thickness scales down, the pristine P-V loops appear to be constricted nm), which can be formed after thin HZO deposition by oxygen plasma post-oxidation of Ge, a methodology that is fully compatible with PA-MBD. A similar method has already been successfully applied for the passivation of Al2O3 high-k gate stacks on Ge for advanced CMOS [START_REF] Zhang | 2011 International Electron Devices Meeting[END_REF] .

Advances in science and engineering to meet these challenges

While PA-MBD has already proved its strengths for the growth of FE HZO on Ge substrates, using this technique only as a deposition method of amorphous HZO does not exploit its full capacity as plasma-assisted molecular beam epitaxy (PA-MBE). The real value of the latter method is for the epitaxial growth of HZO on any substrate and in particular, on semiconductor substrates. There are several reports of epitaxial growth by other PVD-based techniques or by PLD, which are discussed in recent review articles 284,152,285 as well as in other sections of the present roadmap. To the best of our knowledge, there is no report on the epitaxy of FE HfO2 by PA-MBE. A good choice is the stoichiometric La2Hf2O7 which can be obtained either in the ordered fluorite phase known as pyrochlore or in the random fluorite phase, which is latticematched with Si. In our team, we have demonstrated 289 that this material can be grown by PA-MBE at 770 0 C on Si (001) substrates showing cube-on-cube epitaxy and clean/sharp interfaces (Fig. 15). Although the pyrochlore phase is centrosymmetric (cubic, space group symmetry Fd3m), therefore non-polar, the possibility that a metastable FE phase can be accessed via strain, doping, thickness and annealing, as in the case of FE HfO2, cannot be excluded. Doping La2Hf2O7 by Zr, in analogy with doping HfO2 with Zr, could be one way to go in the search for a possible metastable ferroelectric state. The isostructural La2Zr2O7 is an alternative material to be investigated. In fact, ferroelectricity in frustrated La2Zr2O7 pyrochlore grown by sol-gel on (110)-oriented STO has already been reported 290 . It would nMOS in advanced CMOS. Moreover, La-doped (~9%) HZO has been developed to improve the endurance of ferroelectric capacitors and the remanent polarization 291 .

Therefore, La incorporation in HZO is compatible with ferroelectric HZO and Si technologies which facilitates its entry into the epitaxial ferroelectric oxides research in the future.

Concluding Remarks

Most of the work so far has been performed using plasma-assisted molecular beam 76 been employed for the stable appearance of ferroelectricity, which is mainly induced in HfO2, including not only cation dopants (Mg, Sr, Ca, Ba, Al, Lu, Er, Nd, Ga, Sm, Fe, Sc, Gd, La, Y, Ce, Ge, Si, and Zr), but also anion dopant, such as N 259 . As listed, divalent, trivalent, and tetravalent cations appear effective for forming the FE phase. In contrast, doping of higher valence dopants has hardly been reported. HfO2-ZrO2 system have been most widely investigated due to the stable ferroelectricity around Zr/(Hf+Zr)=0.5, whose composition range is wider than other dopants in case of around 10 nm in thickness. The wide available composition range is an advantage for the ALD process because stable ferroelectricity is obtained against composition fluctuation.

However, the obtained phases are sensitive to the process conditions. In addition, the available composition range decreases with increasing film thickness, and ferroelectricity cannot be observed above 60 nm in general because of the stable m-phase formation 292 .

Doping of SiO2 or AlO1.5 to HfO2 is also widely investigated due to the good compatibility with the CMOS process because well-mature sources for CVD and ALD processes are available. In fact, the first demonstration of ferroelectricity was performed with Si. The composition range for ferroelectricity, which is typically several percent, is smaller than that of ZrO2 case.

The alkaline earth elements and rare earth elements have been extensively used for tuning the crystal symmetry of ZrO2 ceramics. By imitating this, various elements are adapted for also FE applications. In most cases, several percent of elements are effective for ferroelectricity, similar to Si and Al. However, doping a relatively large amount of LaO1.5 and CeO2 (< 20%) is reported to show ferroelectricity, but the available composition range is still smaller than Zr case, which is generally over 20%.

Current and future challenges

There are many trials for the overall understanding of the dopant effect on the generation of FE phase from both experimental and theoretical approaches.

Due to recent progress in computational DFT studies, many researchers conducted theoretical calculations for the effect of doping. The kinetic mechanism is also confirmed by Park et al. 295,220 and Tashiro et al. 170 The common understanding is that the FE phase is formed from the high-temperature t-phase on cooling. The dopants prevent the formation of the most stable m-phase by reducing the formation energy of metastable o-and t-phases. This kinetic mechanism mimics the formation of t-polycrystalline ZrO2, which is well-studied by doping Y or Ce 296 . According to the kinetic formation mechanism, thicker films (~1 μm) and even bulk single crystals have been grown by Y doping. This is in contrast to the HfO2-ZrO2 system and doping cations with small ionic radii, by which ferroelectricity can be obtained only in thin films.

Experimentally, the local environment of the dopants is also an important challenge in elucidating the doping effect. In particular, trivalent or divalent dopants favor oxygen vacancies to maintain charge neutrality. The interaction between the dopant and induced defects is quite interesting regarding the ferroelectric properties and reliability. A recent computational study proposes reducing the energy barrier for polarization switching by doping the cations with small ionic radii, such as Si and Ge 297 . Their calculation shows that the local distortion due to reduced coordination number would decrease the energy barrier for polarization switching. This study is quite interesting because most studies on the doping effect have aimed at stabilization of the o-phase, i.e., an increase in polarization. It is also an important challenge to clarify the local environment of dopants and also the host Hf and Zr elements in the FE phase in scientific and engineering views. However, most films with small thicknesses include tiny amounts of dopants because the volume and concentration of dopants are small. Recent advances in the thicker films (~1μm) 217 and bulk single crystals 24 would provide a better signal ratio to noise. In addition, the progress in the measurements and analysis would provide informative studies.

Most studies, particularly computation-based theoretical studies, assume that dopants are incorporated into the HfO2-ZrO2 solid solution. However, rapid phase segregation has been known for doping the elements with small ionic radius, such as Si and Al, into the bulk HfO2 or ZrO2. In fact, it is reported that the Al tends to agglomerate during the thermal treatment process, and this agglomeration results in enhanced ferroelectricity. Such a nanoscale diffusion process would also be important for understanding the doping effect 300 .

It has been revealed that the simple understanding that the dopants lead the HfO2 materials to the o-FE phase is difficult. Thus, modeling with kinetic dynamics is required to clarify the formation of the FE phase with dopants, including the diffusion of the elements at the nanoscale. The molecular dynamics simulation with DFT-based potential would be one of the approaches to predict the formation phase in practical conditions 301 . In addition, recent

progress in machine-learned potential would provide fast computing. The effective processing window for reliable device operation must therefore take into account not only the magnitude of Pr but also the evolution of imprint, wake-up and endurance kinetics and leakage.

Defect control is potentially a fruitful path towards device reliability of industrial standards.

Here we will focus on engineering oxygen vacancy defects since they play a key role in both material properties and device performance 302 although other point defects, including carbon, nitrogen or hydrogen, as well as complex defects may also contribute 303 and should be the subject of more complete studies.

Oxygen vacancies influence both resistive and FE switching in HfO2-based materials and are therefore of importance for two emerging non-volatile memory technologies (resistive random access memories (RRAMs) and FeRAMs) 304 . However, there is potentially a fundamental contradiction between FE memories which depend on the insulating nature of the HfO2 whereas resistive memories require a low conductance state usually provided by oxygen vacancy filaments. It is therefore necessary to locate a sweet spot in the oxygen vacancy concentration for FE applications. charge trapping at defect sites rather than the charged defects themselves 306 . The trap levels then become the important parameter. Indeed, ab-initio simulations of defect structures and modeling of transport and FE properties have provided useful insight into the role of different defect species as charge traps and go some way to explaining the experimental fatigue and leakage current data 307 . Thermally activated migration of oxygen vacancies at room temperature is unlikely, but mobility under strong electric field has been reported 139 .

Although the kinetics are slow, the field-induced mobility may be important in determining wake-up and fatigue regimes.

First attempts at engineering the oxygen vacancy levels have been achieved by the insertion of an ultra-thin Ti layer to favor oxygen scavenging 274 . Modest oxygen scavenging gives a higher remanent polarization by favoring o-phase nucleation, but too high an oxygen vacancy concentration leads to higher leakage and earlier breakdown, i.e. lower endurance.

Oxygen vacancy ordering into more complex defect structures may also contribute to the enhancement of FE properties. It has been suggested that modest vacancy concentration could be used to favor up to 80% of the o-phase, which could then be stabilized by subsequent re-oxidation.

Current and future challenges

A major challenge is the direct measurement of the oxygen vacancy concentration. This should be as model independent as possible, although the model calculations of vacancy mobility 167 , charge transport 308 and imprint, wake-up, and fatigue 306 have provided valuable insights. Charge-based interpretations of data on oxygen vacancy concentrations are challenging since neutral defects are more difficult to identify, potentially underestimating the true defect concentration.

A second challenge is that direct measurement of the oxygen vacancy distribution in a HfO2 based capacitor or FeFET requires both lateral and depth resolution on the scale of the devices as well as time-dependent analysis of relaxation, field cycling, and switching.

X-ray Photoelectron spectroscopy (XPS) is gaining in popularity based on the assumption that oxygen scavenging and the creation of oxygen vacancies give rise to reduction of Hf cations 309,310,311 . Reduced Hf carries a clear spectroscopic signal which can be quantified in Hard X-ray photoemission (HAXPES) offers a non-destructive solution to probe through realistic electrode thicknesses thanks to the improvement in depth sensitivity by one to two orders of magnitude 309,310,314 . HAXPES has been used to directly measure the oxygen vacancy concentration profile in the vicinity of the top TiN/HZO interface due to oxygen scavenging 311 . It has also provided invaluable information on the vacancy concentration near the bottom electrode as a function of oxygen-rich or oxygen-poor processing conditions, allowing insight into the process engineering of defects 315 .

Advances in science and engineering to meet these challenges

The increased availability of HAXPES beamlines makes such analyses more accessible; however, they remain the exception due to the six-month lead-time for experimental proposals. Typical beamtime allocations are usually not more than one week. For industrialists requiring characterization of imprint retention and endurance, this is a major obstacle.

One possibility would be a proprietary HAXPES beamline, possibly in conjunction with a Glancing angle X-ray diffraction (GIXRD) set-up in order to carry out on-demand operando chemical and structural characterization of realistic memory devices. Physical modeling to inform decisions for industrial development requires reliable and statistically significant data. Typical field cycling at 100 kHz requires one day for 10 10 cycles without taking into account relaxation or measurement times. Several weeks are therefore necessary for a full operando characterization of the oxygen vacancy behavior as a function of polarization, switching speed, and field cycling of a single device. A comparative study integrating different processing conditions 316 , rapid thermal annealing temperatures, solder reflow conditions in order to address packaging criteria, therefore requires several months access. A broad consortium from academia and industry could afford such an option.

A complementary alternative would be the acquisition of recently commercialized laboratory HAXPES set-ups using high-energy X-ray sources, either Cr or Ga. The Ga However, these analysis techniques are still in their infancy and require optimization in sample structuring as well as the use of higher energy photons sources to secure electrode quality.

The third challenge is the implementation of time resolution over a wide range of timescales in order to characterize how point defect engineering can optimize switching and retention. Typical switching times targeted for HfO2-based devices are 10-50 ns. This is well suited to pump-probe photoemission experiments synchronizing voltage generator with synchrotron radiation pulses 319 . Although not new, it has yet to be implemented for ferroelectric hafnia because reliable switching data also requires small device to avoid prohibitive leakage currents. Slower kinetic processes have also been reported, including defect migration, relaxation, as well as defect and dopant dependency 320,321 . The defect concentration and profile determines the trap-assisted tunneling current, correlated with the onset of the fatigue regime and therefore device endurance 305 . Determining the energy levels of the trapped electrons with respect to the conduction band will allow refining the quantitative physical modeling.

The field is wide open and calls for considerable effort. In the decade following Böschke's first paper in 2011, the understanding of the material properties of ferroelectric hafnia has made significant progress. The increasing need for low-power digital autonomy has proposed the integration of FE HfO2 into current electronics to the forefront of emerging technology candidates. Nevertheless, the performance metrics required to be considered as a serious technological alternative must still be met. To do so requires a demonstration of the capacity to reliably engineer and optimize the same material properties. There is no short cut and advanced characterization platforms, including the techniques outlined here, with rapid access and throughput, are necessary.

c. Interface engineering (Jacob L. Jones/Younghwan Lee/H. Alex Hsain)

Status

Interfaces discussed in this section are limited to those created when two dissimilar materials are grown or placed adjacent to one another, e.g. through sequential deposition of two films. Unlike ferromagnetics, where no additional contact is needed for measuring their magnetic properties, FEs such as HfO2 require contacts, or electrodes (at minimum), for measuring important properties such as polarization. Thus, interfaces are inevitable in FE HfO2 devices, and their careful design and synthesis is necessary to maximize device performance. In the MFM structure, HfO2 has been combined with many types of electrodes, including TiN 325,326,327,310 , TaN 328,171 , W 329,330 , Pt 330,150,331 , RuO2 332,333,334 and IrO2 335,336 . Despite a wide array of electrode options, the most commonly employed electrode in combination of HfO2 hafnia is TiN due to its oxygen-gettering nature, which yields oxygen vacancies in HfO2. Oxygen vacancies are linked to both the stabilization of the o-phase of HfO2 as well as the wake-up effect in which a redistribution of defects during cycling produces a variable Pr value 337,167 . TiN also possesses a larger thermal expansion coefficient than HfO2, a mismatch that may produce a tensile strain during annealing, which could facilitate stabilization of the FE HfO2 phase. A recent study provides even more correlation between the thermal expansion coefficients, stresses, and FE properties in MFM capacitors, demonstrating that lower electrode thermal expansion coefficients lead to higher tensile stress and enhanced ferroelectricity 329 .

Interfaces of interest in

Current and future challenges

The propensity of TiN to act as an oxygen sink when in contact with an oxide is a primary For films containing multiple cations such as HZO, superlattice layering within the film is another strategy to control the interfacial structure and properties. For example, Park et al.

explored the impact of superlattices of HfO2 and ZrO2 on resulting FE properties.

Importantly, they report that the starting layer could strongly influence the crystallization kinetics and subsequent phase stabilization in the FE layer 348 

Advances in science and engineering to meet these challenges

One way to mitigate deleterious interfacial effects is to maintain vacuum during the deposition of the electrode and HfO2 films. As stated earlier, the breaking of the vacuum when transferring samples between different tools causes increased carbon contamination and metal oxidation, neither of which can be well controlled. Instead, maintaining a vacuum can minimize these otherwise uncontrollable processes. In 2018, Wei et al. 19 reported the sequential deposition of LSMO and HfO2 via PLD without breaking the vacuum. Electron microscopy and spectroscopy confirmed an excellent quality of the interface. As a more scalable process, Lee et al. 256 reported the processing of electrodes and HZO in MFM capacitor geometries via ALD within the same tool without breaking the vacuum. Their process, called sequential, no-atmosphere processing (SNAP) was demonstrated on TiN/HZO/TiN stacks and resulted in devices with wake-up-free FE performance and unexpectedly high Pr (27 µC/cm 2 ). The improved performance was attributed to limited oxidation and carbon contamination of HZO/TiN interfaces.

Moving forward, advances in controlling atmosphere exposure between the deposition of distinct layers may prove effective at providing new ways to control interfacial characteristics. This may include, e.g., the use of SNAP in other deposition processes (e.g., physical vapor deposition) or the use of controlled gas and time exposures between the deposition of certain layers.

As the influence of defects can exacerbate the properties of interfaces, it is also critical to understand and control the source and purity of starting materials. While often overlooked in early-stage research, source purity is important in both the research environment, where variables across research labs are often unknown or not reported, and the manufacturing environment, where reproducibility is critical. Reproducibility will be a function of source purity, the specific impurities that are present, and consistency across targets, batches, and vendors. Targets for physical vapor deposition processes, e.g., could be synthesized from ~99% purity starting materials, although this may result in ~1% of unknown and inconsistent impurities that could incorporate into films and have a pronounced effect on interfacial properties. In the parallel development of ferroelectric ScxAl1-xN, it was recently shown that films prepared with Sc sources of nominally 99.9% vs. 99.99% purity starting materials resulted in over 5 orders of magnitude difference in electrical leakage 350 . As FE HfO2 matures, it will become important to either control these effects or engineer the device against their variability.

Concluding remarks

Though interfaces are inevitable in FE HfO2 devices, interfacial engineering can be used to control their thickness, chemistry, structure, and properties. The major goals of interfacial engineering can be summarized as: 1) mitigating deleterious interfacial effects through controlling thickness, chemistry, etc., or 2) leveraging/engineering the interface for the specific structure and properties, e.g. through interfacial chemistry, epitaxial growth, or the growth of additional interfacial layers to influence the properties of FE films. Limitations of controlling interfacial thickness, chemistry, structure, and properties is fundamentally a function of the selected deposition technique, processing conditions, and source materials. 90 screening of the ferroelectrically induced polarization charge to stabilize the Pr in the film and in addition, create an electrical interface between the FE and the outside world. In many cases, the choice of electrodes also has a direct impact on the formation and switching properties FE itself, influencing the crystal phase properties, and may induce or remove defect states. For devices such as the FTJs, the electrodes' properties will also decide the device's performance, making them integral parts of the device. It is therefore essential to understand and control the properties of the electrodes in electronic devices based on HfO2-and ZrO2-FEs. To limit the scope of the discussion, we will focus on metallic and semiconducting electrode materials that are currently compatible with Si CMOS processing, thus excluding some electrode materials like Au and perovskites. For brevity, we will denote the FE as HfO2, even though it may consist of an alloy with ZrO2, or doped with other dopants such as Si, Y, Gd, La etc.

It is well known that the choice of metal electrodes can promote the formation of the FE Pca21 phase by providing a beneficial in-plane tensile strain in the HfO2 53 . The electrodes should also be stable enough to survive the HZO crystallization process which usually requires annealing to 400-600 C. The electrode material needs thus be chosen carefully, and common materials include TiN, TaN, Pt, Ni, W, IrO2 and RuO2 351,328,335,352,353,354 . TiN appears as the most common choice, being both thermally stable and CMOS-compatible 53 . A low electrode thermal expansion coefficient is beneficial for inducing strong tensile strain, and W was found to be particularly promising in this regard 329 . In addition, the electrode deposition conditions can also matter: It was recently discovered that deposition pressure-induced microtexture of a TiN top electrode can decide the resulting crystalline phase in HfO2 and thus its FE properties 355 . Electrode deposition by different available methods, for example, evaporation, sputtering or ALD therefore, cannot be expected to yield the same results, and the electrode process thus needs to be carefully controlled.

Secondly, a reactive electrode material can interact with the HfO2 film, both during the crystallization process at high temperatures, as well as during electric field cycling.

Reactions can lead to oxygen scavenging, creating interfacial layers and additional oxygen vacancies in the hafnia 351, which can negatively affect the cycling endurance of the film. In 91 addition, unstable electrode materials could lead to metal diffusion through the hafnia during field cycling 356 .

Current and future challenges

A major challenge for HfO2-based FEs is that its large Ec (> 1 MV/cm) requires the applied electric field during polarization switching to be a significant portion of the breakdown field. This promotes the creation and movement of interstitials and oxide defects, such as oxygen vacancies, in the FE film. Vacancies can accumulate at the interface to the electrodes or even move across between electrodes and the FE film, affecting the interfacial chemistry, electrode effective work function, or even leading to the formation of an interfacial layer over time.

A second challenge for HfO2-based FE devices is the formation of interfacial layers between the electrodes and the FE film during device fabrication. Normally, a hightemperature annealing procedure (400 °C -600 °C) is required to form the FE phase, during which also the electrodes are exposed to the high temperature. It is often observed that the common nitride electrodes TiN and TaN scavenge oxygen from the hafnia films during this process, forming interfacial metal-oxides or oxynitrides 351 . These interfacial layers are believed to give rise to wake-up effects as well as degrade reliability during electric field cycling.

Thirdly, the use of semiconducting electrodes comes with additional challenges.

Semiconductor electrodes are attractive for FeFETs and FTJ devices as their conductance can be strongly modulated by the polarization charge, leading to large threshold voltage shifts in FeFETs and strong tunnel barrier modulation in FTJs, resulting in large resistance state contrast. However, there is a great mismatch between the typical magnitude of polarization charge 10-30 µC/cm 2 in HfO2 and the density of states of typical semiconductors. This leads to very large surface potentials that unequivocally activate deep trap states in the semiconductor, causing unwanted Fermi-level pinning or even irreversible damage. As an example, for Si (ND = 10 15 cm -3 ), the needed band bending in inversion is more than 1 V to match 20 µC/cm 2 in sheet charge. Possibly due to this effect, reports of 92 voltage or rapidly decaying memory windows 353,357 . Methods to overcome this mismatch will be crucial for future reliable device implementations.

Advances in science and engineering to meet these challenges

To meet the challenges presented above, some promising advances to be pursued will be outlined in the following. First of all, "electrode replacement" procedures have been reported in which a top electrode is first used to achieve best possible FE properties, after which the electrode is removed, including a potential interfacial layer, and replaced by another metal suitable for the application 358 . This method was successfully used to reliably design FTJs using a TiN/HZO/W structure during crystallization and various replacement top electrodes (W, Cr, Ni, Cr/Ni) 359 . A major benefit of this approach is to separate out the considerations of the FE synthesis from the device design considerations. So far, this method has been used only for the top electrode, which is easily accessible. If the same procedure could be used for the bottom electrode as well, it would open for even greater freedom in the device design as well as improved reliability via the complete removal of interfacial layers created during the crystallization process. Possibly, this could be realized in a 3D device process similar to that of 3D NAND Flash.

To counteract the generation of oxygen vacancy-type defects during electric field cycling, it could be beneficial to make use of electrode materials that are prone to reduction rather than oxidation. For example, metallic RuO2 and IrO2 have negative oxidation potentials and can therefore supply oxygen to the HfO2. These electrode materials were recently reported to greatly improve endurance over TaN and TiN electrodes 335,352 , and further research in this direction appears promising to achieve reliable ferroelectric devices beyond 10 10 cycles of operation.

Another option is to target inert electrodes, which are also efficient diffusion barriers. The usage of a dielectric diffusion barrier such as Al2O3 has been reported to help avoid defect migration across the electrode/HfO2 interface 360,351 , but the inclusion of an additional 93 used to achieve endurance beyond 10 11 cycles in capacitors with epitaxial HfO2 216 , but whether a similar performance is possible with polycrystalline films is not clear given the moderate improvements so far reported 354 . Further research adding these elements after crystallization using a replacement electrode process could be of interest. Other options are transition metal nitrides other than TiN and TaN, which are also chemically stable and have good diffusion barriers. Examples of these are MoN and WN [START_REF] Lyu | Symposium on VLSI Technology[END_REF] . HfN and ZrN are also attractive options, given that they are considered the most refractive of the nitrides and share the same metal anion species as hafnium zirconate FEs.

Concluding remarks

In conclusion, it is important to once more point out the central role of the electrodes both in the formation of the ferroelectric phase as well as their impact on device reliability and performance. For the future, it will thus be essential to find electrodes that are stable and provide reliable interfaces to the HfO2-based FEs. Electrode replacement methods to separate crystallization from device design, as well as electrodes with negative oxidation potential, appear as good candidates for future work, while the mismatch between the polarization charge and the low charge density in semiconductor electrodes remains an outstanding challenge.

e. Laminated structures (Konrad Seidel/Maximilian Lederer)

Status

The stability of the FE phase of HfO2 and ZrO2 is strongly influenced by mechanical stress, layer thickness, chemical composition, and other parameters. Depending on the application, certain thickness requirements are present. For example, FeFETs have HfO2 layers with a thickness in the range of 10 nm. On the other hand, piezo-and pyroelectric sensors and actuators require much thicker layers in the range of 50 nm to 1 µm. Since the window for stabilizing the FE phase in regards to thickness is very narrow, means to transfer the properties of e.g. a 10 nm film to thicker layers are required.

On the other hand, the layer thickness has also a major impact on the microstructure and on reliability aspects, like e.g. endurance. The grain size of polycrystalline HfO2 or ZrO2 films 363 .

In order to address the aforementioned constrains, multiple groups proposed laminated structures as a solution 345,362 . These can be grouped into two different approaches: i) dielectric/FE heterostructures and ii) HfO2/ZrO2 superlattices (see Fig. 17). The former heterostructures are usually formed by depositing ultra-thin dielectrics, like Al2O3, with a thickness of less than 1 nm between layers of (doped) HfO2 or ZrO2 of desired thickness and layer count. In such a manner, thick FE layers are achievable, which show no increase in m-phase 362 . By introducing them in devices, desired properties, like e.g. a large memory window, can be achieved without suffering the penalties coming from non-ideal layer thickness [START_REF] Ali | IEEE International Electron Devices Meeting (IEDM)[END_REF] . Alternatively, these dielectric/FE laminates can be used to influence the grain size and endurance of devices. By introducing additional dielectric interlayers into a FE thin film of a total thickness of e.g. 10 nm, the crystal growth is interrupted, and smaller crystallites form. In addition, the interlayer act as barriers for leakage paths, thus improving device endurance 365 .

The superlattice approach, on the other hand, stacks ultra-thin layers of alternating HfO2 and ZrO2. Recent works have shown that by controlling the thickness of these sublayers, the grain size and endurance can be influenced 363,366,257 . While the exact origin of this behavior is not understood in depth at the moment, a difference in nucleation and 

Current and future challenges

While laminated structures offer very powerful methods to overcome thickness, grain size or reliability limitations, they also face unique challenges. For the dielectric/FE laminates, one major challenge is the interfaces introduced by the dielectric layer. Like the electrodes, these interfaces will affect the phase stabilization slightly. Especially for laminates containing more than one interlayer, it has to be ensured that the layers stabilize in the FE phase. Small changes in the doping level might therefore be required. Moreover, these interfaces can act as pinning sites or introduce defects and introduce parasitic capacitances, resulting in a reduced polarization response of the FE layer. 365 Another challenge is the selection of the dielectric. As both materials, dielectric and FE, are oxides, interdiffusion has to be suppressed. Else, the interlayer might not be present after annealing or shifting the doping concentration of the HfO2/ZrO2 layer.

For the superlattices, on the other hand, the design freedom is constrained. While the sublayer thickness can be optimized, the total thickness is expected to be limited as the crystal growth is not stopped at the interfaces. 366 Consequently, too thick layers are expected to transform to m-phase. In addition, another challenge is the thermal budget.

While HfO2/ZrO2 layers are excellently suitable for back-end-of-line applications, their application in front-end-of-line devices is strongly limited as degradation due to the high thermal budget is expected. Here, e.g. Si-doped hafnia excels due to its much higher crystallization temperature.

Advances in science and engineering to meet these challenges

Recent works, however, have showcased possible routes to address these challenges. In case of the dielectric/FE heterostructures, the doping level of the individual layers can be optimized in order to adapt to the changes brought forth by the interlayer interface.

Similarly, combinations of differently doped HfO2 layers have been reported and their interaction with each other via stress and mechanical stress has been discussed 91 In addition, the dielectric layer can be optimized in order to reduce defects/pinning sites at the interface while preventing interdiffusion. Therefore, recent works have explored alternative materials besides Al2O3 as dielectric interlayer, indicating that TiO2 might be a suitable candidate 367 . Nevertheless, other materials might be suitable as well, and further research will be required here.

On the other hand, the challenges for the superlattice approach can be addressed by using different compositions. Recently, it has been shown that the effects observed in the superlattice HfO2/ZrO2 structures are also present in Si-doped hafnia layers when altering the thickness of the SiO2-layers deposited during the atomic layer deposition 87 . Therefore, similar approaches might be suitable for enabling superlattice-optimized doped HfO2 layers in front-end-of-line integrated devices.

Finally, the thickness limitation of superlattice structures might be overcome by combining this approach with the dielectric/FE approach, thus getting the advantages of both approaches while keeping the number of interlayers as low as possible.

Concluding remarks

In summary, both types of laminated structures, dielectric/FE heterostructures and superlattices, offer easy means to control the FE and reliability properties as well as the microstructure of HfO2 and ZrO2 layers. Moreover, heterostructures allow to circumvent thickness limitations of the phase stabilization of the FE phase. For the future, however, further optimization of the two approaches will be required to meet current challenges.

Here, optimization of doping levels in the HfO2 and ZrO2 layers is of importance as well as different materials should be screened for improving defect densities at interfaces or temperature stability. Nevertheless, recent results point towards promising solutions to these challenges. f. Thickness scaling (Akira Toriumi/ Shinji Migita)

Status

The thickness scaling of FE HfO2 will be discussed from two points of view for advanced electronic device applications. One is how the FE properties of HfO2 are physically altered, and the other is how they are electrically affected by reducing the thickness of FE HfO2. FE HfO2 was already 10 nm thick when it was discovered 53 . It is suggested that the FE origin of HfO2 is physically different from that of other conventional FE materials and that several inherent properties of HfO2 are involved in the appearance of the ferroelectricity.

Considering the surface/volume ratio of each crystalline unit in polymorphic HfO2, the thickness reduction thermodynamically favors the more symmetric orthorhombic and tetragonal over the monoclinic phase [START_REF] Navrotsky | Materials Fundamentals of Gate Dielectrics[END_REF] . The FE phase in HfO2 is also theoretically expected to be more stabilized under appropriate boundary conditions, such as combined effects of strain and electric field 23 . Furthermore, the impact of electrode interfaces on thin FE HfO2 can be very critical, as it has been extensively studied for other FE oxides 369 .

Currently, FE properties are obtainable in MFM capacitors with 5 to 10 nm thick doped HfO2. The correlation between remanent polarization (2Pr = Pr + + Pr -) and FE-HfO2 thickness (dFe,HfO2) are shown in Fig. 18 370,[START_REF] Lyu | Symposium on VLSI Technology[END_REF]371 . Further research was carried out for 1 nm thick HfO2 on an oxidized Si substrate using PFM 11 .

The thickness scaling raises several issues depending on the application-specific requirements. The first issue to be addressed is the reduction of the operating voltage in FE devices since lower power consumption is a key requirement for the latest semiconductor devices. Under the assumption that the Ec remains almost unchanged with the decrease in dFe,HfO2 270 , the MFM capacitor can respond normally to the scaled voltage, and the polarization switching speed does not deteriorate in principle. However, the tunnel leakage current significantly lowers the effective bias voltage applied to the FE layer as dFe,HfO2

continues to decrease. To make matters worse, the Ec in FE HfO2 is relatively high compared to other FE materials, which limits the thickness scaling in MFM capacitor-type devices, although a wide energy band gap of HfO2 (~5.5 eV) is beneficial for suppressing the leakage current. 98

FeFETs and FTJs are attractive devices for advanced memory applications in addition to conventional FeRAMs. From the device designing viewpoint, a non-polar interface layer is often inserted between the FE layer and the semiconductor to avoid the degradation of FeFETs, while it is usable for achieving the higher tunnel current ratio in FTJs. Therefore, application-specific scaling scenarios that differ from the simple MFM capacitor have to be developed. The polarization disappears at dFE,HfO2 = 2 ~ 3 nm.

Current and future challenges

The maximum of 2Pr in Fig. 18 99 dFe,HfO2 above 10 nm. A significant influence here is the interaction of the FE layer with the electrodes, in addition to the intrinsic effects involved in the FE layer thickness reduction.

The electrode controls oxygen in and out-diffusion of the HfO2 layer and forms non-polar and polar layers or leads to a diffusion of electrode material into the FE layer.

At present, it is difficult to experimentally observe a sufficient polarization switching signal in MFM capacitors with 2 nm thick doped HfO2. Structurally, non-FE crystalline phases or non-crystalline portions are more likely to be detected in XRD patterns and TEM images in the sub-5 nm thickness region. Therefore, a thorough and detailed optimization of the thermal treatments of HfO2 with different dopant species and concentrations is required to explore the possibility of a sufficient Pr down to 2 nm. Otherwise, the application of ultrathin FE HfO2 films with scattered polarized regions will be limited in the microelectronics industry.

Interactions at the FE/electrode interfaces have been studied from various aspects, including a depolarization field and/or a non-switchable dipole formation at the interface 372 .

Since these effects generally destabilize the ferroelectricity at the interface, except in special cases 23,11 , it is crucial to elucidate what happens physically at the FE HfO2 interfaces.

From the viewpoint of ultra-thin FE film applications, the reduction of the effective bias voltage applied to the FE film due to the tunnel leakage current is related to the external impedance outside the MFM capacitor, which degrades the polarization switching speed as well as affects the dynamics of the polarization charge screening.

Currently, ALD is the most promising method for uniformly growing ultra-thin films.

However, it is challenging to deposit doped HfO2 films in an atomically uniform manner even after the thermal annealing because HfO2 and dopant layers are deposited alternately or by using a cocktail of precursors. This can be a fundamental concern to the device-todevice variations in scaled FE integrated circuits because the ferroelectricity in doped HfO2

originates from the metastable o-phase formation, which is likely to be affected by the variability in dopant position, particularly in ultra-thin FE HfO2 films. 100

Advances in science and engineering to meet these challenges

A recent theoretical analysis predicts that ferroelectric switching is possible in one unit cell, because a non-FE spacer separates the polarization within the unit cell, and the intercell interaction is expected to be very weak laterally 39 . If each unit cell can respond to the electric field independently, then the thinning limit could be one unit cell of the FE HfO2.

However, if the FE phase metastability of the polycrystalline doped HfO2 layer is considered, two or three unit cells without direct contact with electrodes are a reasonable estimate for the minimum dFe,HfO2 (1 -1.5 nm). Furthermore, the interface layers contacting the top and bottom electrodes tend to be non-FE, because the metastable state must be sensitive to small structural and/or electronic perturbations. Therefore, two unit cells at the interfaces or one unit cell in the case of a harnessing-strain interface 23,11 may be added, resulting in a total thickness of 1.5-2.5 nm. The oxide electrode may be advantageous for a more intimate interface. Nevertheless, a charge redistribution at the interface may form a new interfacial dipole, destabilizing or weakening the ferroelectricity.

A small Pr (around 1 μC/cm 2 ) can currently be detected even in sub-2 nm thick HfO2 373 , because only a small fraction of the o-phase is viable in the ultra-thin HfO2 films.

Meanwhile, it has been reported that ferroelectricity has been detected in 1 nm thick ZrO2 on SiO2 374 , and that ultra-thin ZrO2 on SiO2 exhibits the thickness-dependent in-plane AFE-FE transition [START_REF] Cheema | [END_REF] . Although this is not included in the present discussion in terms of the practical applications, it is thermodynamically conceivable that the structural transformation between multiple non-monoclinic phases may occur more readily in ZrO2 than in HfO2 [START_REF] Navrotsky | Materials Fundamentals of Gate Dielectrics[END_REF] .

Based on the theoretical inference and the current state of experimental achievements, the key to the successful thickness scaling of FE-doped HfO2 will be to elucidate the interfacedriven kinetics of FE phase stabilization. Even if further scaling of dFe,HfO2 is possible, it becomes difficult to reverse the polarization due to the effective bias reduction. The The minimum thickness capable of exhibiting FE properties in doped HfO2 is ideally expected to be 1-1.5 nm. Considering possible interactions with electrodes, it will inherently be above 2 nm to exhibit sufficient polarization in the MFM capacitor. Of course, electrode materials and thermal annealing recipes will need to be rigorously scrutinized. In addition, the tunnel leakage current in ultra-thin doped HfO2 hinders the application of a sufficiently high electric field on FE layers, which electrically limits the scaling of dFe,HfO2 in FE doped HfO2. These challenges need to be addressed together with the area scaling and operating frequency. Finally, it is worth mentioning that statistical variations in the performance of each FE device may inevitably accompany semiconductor chips equipped with high-density FE devices using ultra-thin FE-doped HfO2. to certain operation parameters, but significant progress has been achieved in the last few years. Even more so, FeRAM memory cells have been integrated into Mbit and Gbit arrays using standard BEOL integration flows 377 . Due to an ultra-low power read/write operation (< 5nJ/pulse), 378 the power consumption of FeRAM is similar to that of DRAM and SRAM and several orders of magnitude lower than that of flash memory. 379 Furthermore, a nonvolatile FeRAM does not need to be refreshed after 16 -64 ms as a DRAM.

Table I. Comparison of different operation parameters for various volatile and non-volatile

memory device examples 380,381,382,383,384,377,[START_REF] Sung | IEEE International Electron Devices Meeting (IEDM)[END_REF] For HZO-based FeRAM to contend in a broader range of applications, certain technological challenges still need to be addressed. Although not independent, these challenges or limitations can be divided into component-level and structure-level issues. ( comparable to DRAM cells ) and has a reduced wake-up effect. 385 Notwithstanding, it is important to consider what voltages can be supplied to the CMOS circuitry outside the memory array. An Ec of ±1.5 MV/cm requires even higher fields to switch all domains.

Current and future challenges

Here, companies are interested in reducing the switching voltage to 1 V with narrow switching characteristics to keep voltages in the CMOS circuitry as low as possible.

When discussing the reliability of a FE capacitor, there are two main metrics: field cycling endurance and polarization retention. Ideally, a breakdown-free device with no retention degradation in a 10-year time-frame is desired. Unfortunately, from an operational point of view, opposing paths improve each metric, that is, a lower applied voltage to switch the FE capacitor allows for an improved endurance but leads to worse retention and viceversa 385,386 . A lower applied voltage could be compensated by increasing the pulse length up to a certain point, but this would slow down the operation speed 387 . Hence, a timevoltage trade-off exists, and a compromise is required. From a material perspective, improvement of the capacitor stack, such as reducing the defect density at the electrode-FE interface, can minimize charge injection or charge movement in the FE layer leading to a retention and endurance enhancement. This would be of particular interest for solving the prevailing imprint problem these FE capacitors exhibit regarding retention 384,385 . Improving

Pr is no longer an objective since most values reported in literature can be sufficient. In fact, a second compromise is needed here, regarding a sufficiently high Pr for memory performance and not too high of a Pr for improved reliability, since larger Pr values enhance both aforementioned charge degradation effects.

When looking at the complete memory array and the read-out circuit, additional factors must be considered for an optimized operation. A proper read-out will depend on the potential difference between a "1" programmed state and a "0" programmed state in relation to a reference voltage (provided either as a fixed voltage or from a reference cell) at the sense amplifier. Therefore, it is not necessary to have the largest possible 2*Pr but rather only one large enough for a desired capacitor area to maintain a stable memory window. On the other hand, the bit-line (BL) capacitance, unfortunately, adds a lower threshold to the acceptable 2*Pr values 384 . Furthermore, larger arrays will have a larger BL 104 capacitance, therefore, alternative design layouts may be required for optimal sensing.

Additionally, in order to assure high yields, high uniformity during semiconductor processing and packaging, as well as stability during thermal processing steps and later soldering during package mounting, must be assured 377 .

In order for FeRAM to increase its market relevance, not only does a large memory capacity need to be possible, but also memory density, in other words, the cell size, has to be improved since this is the main contributor to the cost of the memory device. Most current literature focuses on 2D structures not stepping beyond the 130 nm technology node. For more advanced technology nodes, a more aggressive capacitor scaling in the 3D direction must be implemented, as has been done for other memory technologies such as DRAM. In this regard, first results for Gbit-sized arrays have already been published [START_REF] Sung | IEEE International Electron Devices Meeting (IEDM)[END_REF] .

Advances in science and engineering to meet these challenges

On the capacitor side, it is still necessary to improve reliability. As discussed, charge injection and movement need to be reduced to enhance endurance and retention. Here, a lower switching voltage, a stable Pr which is not too large, and a low defect density at the electrode interface and within the bulk of the FE layer are required 385 .

Regardless of what is yet to come in the development of the 1T-1C FeRAM structure, significant advancements have already been reported, mostly in the 16 to 64 kbit range 382,383,384,377 but also reaching capacities of up to 8 GB [START_REF] Sung | IEEE International Electron Devices Meeting (IEDM)[END_REF] . Considering this and the fact that not as large aspect ratios are necessary for similar architectures to DRAM 385 , it may be the case that the cost-effectiveness of this technology could eventually reach or surpass DRAM values and even have a simpler path toward further down-scaling.

Alternatively, additional structures to the 1T-1C FeRAM have been proposed as emerging technologies. Some seek to improve the 1T-1C FeRAM structure, and others aim to provide an alternative operation but maintain the familiar structure. Regarding the former case, one can mention, first, the 2T-1C FeRAM structure, which implements an additional transistor for pre-charging the BL node and allows for an easier read-out of smaller structures but has the disadvantage of higher variability 388 and, second, the use of an AFE behaved material instead of a traditional FE for an improved endurance of the capacitor and apparent reduction of the coercive field 389 . In the latter case, a more complex 2T-2C FeRAM structure has been proposed for local logic operations at the memory cell level 390 .

Regardless of the optimization path, the development of HZO-based FeRAM technology shows promising results for the coming years.

Concluding remarks

From the current standpoint of this technology, it would be unsurprising if a new generation of HZO-based FeRAMs start popping-up on the market in the next couple of years. The remaining optimization may come as a second or third-generation iteration of this new wave of memories. Similar to other already commercialized memory technologies, in the end, the market success of this technology will be dictated by its cost-performance relation compared to alternative technologies and solutions. For instance, perhaps the first products may use a 2T-2C configuration to overcome reliability issues at the expense of a higher real-estate, and therefore cost, but subsequent generations could finally achieve using the 1T-1C variant for a high-density nonvolatile RAM technology; a memory technology which is still heavily sought after today. 106 memory (PCRAM) or Magnetic Random Access Memory (MRAM), the memory element is not connected to the drain of the transistora combination that impedes the drain current due to added resistance. This means that READ speed is only determined by the performance of the transistor action and potentially the same READ speed as an SRAM could be possible. The ferroelectric switching speed of HfO2 and ZrO2-based materials is determined by reverse domain nucleation and growth dynamics, which have been shown to be faster than 300 ps, suggesting that even single digit picosecond switching speed is possible 392 . The footprint of the device is also just that of a single transistor, which is substantially smaller than a standard SRAM cell that needs six transistors. Further, the device needs minimal changes to the transistor fabrication flowjust a single additional mask is sufficientindicating any additional cost of manufacturing would be minimal 393 .

In addition, the FeFET enables memory cell constructs that offer new ways of doing inmemory-computing both in the digital and analog domain [START_REF] Laguna | Proceedings of the 2019 on Great Lakes Symposium on VLSI[END_REF]395 . However, critical challenges remain in terms of material optimization and device design that need to be overcome to materialize the potential benefits of FeFET technology 393 . In the following, we provide a brief discussion of these challenges and present a roadmap of advances that are necessary to address them.

Current and future challenges

A key consideration for FeFETs is the fact that they are much more than the ferroelectric material itselfin fact, the ferroelectric film, together with an appropriate design for the transistor device, dictates the ultimate performance of the device. If one considers a simple MFM capacitor, one would like to optimize the material for the smallest Ec and smallest thickness (tFE) to scale down the switching voltage as much as possible. However, in the FeFET device, this cannot be done. The semiconductor channel and any interfacial layer beneath the FE act as a dielectric material in series. This introduces a depolarization field (Ed) 396 , which, if larger than Ec, could completely diminish the memory behavior. The Ed is inversely proportional to the tFE, meaning that tFE cannot be scaled down arbitrarily. This means that the operating voltage (V) will be limited by these considerations. Another important parameter is the polarization (P). The shift in the threshold voltage of the transistor is proportional to Pindicating a large P is desirable. On the other hand, large P 107 generates a large electric field in the interfacial layer, breaking it down, leading the transistor to stop working 397 . In this case, even if the FE film is working fine, the endurance of the FeFET is limited substantially. Finally, the speed of the ferroelectric switching, in its simplest form, is dictated by an activation processmeaning that the larger the applied field compared to Ec, the exponentially faster the speed of switching 392 . But applying a large electric field comes at the expense of a large operating voltage and faster oxide breakdown, which impacts endurance. These competing considerations show that a very carefully designed device and material is necessary to obtain the desired memory behavior.

Continuing along the same lines, non-ideality in the devices, unfortunately, plays a dominant role in the device behavior. Most debilitating among them is charge trapping 398 .

Band offsets between the FE and the semiconductor or interfacial layer are conducive to charge trapping. In addition, if the chemical compatibility between these dissimilar materials is weak, the dangling bonds act as a charge-trapping center. Moreover, if the electric field in the interfacial layer is too strong, as mentioned above, new bonds break every time the FE polarization is switched, increasing the number of trapped charges. The trapping and de-trapping leads to its own hysteresis, in direct analogy to today's FLASH memory devices, whose handedness is opposite to the FE hysteresis. This diminishes the FE memory action. In addition, trapped charges can screen out the polarization, further reducing memory performance.

Advances in science and engineering to meet these challenges

It is known from high-metal-gate studies that an oxide thickness <4 nm can effectively eliminate charge trapping in the oxide by substantially speeding up trapping/detrapping processes. This advocates for thinning down the FE oxide as much as possible. Scaling down the thickness is also necessary to scale down the channel length of FeFET devices.

For FeFET with LG<20 nm, an effective oxide thickness (including the FE oxide and interfacial oxide) needs to be ~ 1 nm, so that a good ION , IOFF characteristics can be obtained. Hafnium Oxide (HfO2) based FE films are, therefore, most appropriately suited for scaled FeFET applications as they retain a high enough Ec to overcome increased depolarization field even when thinned down to very small thickness 399 . Indeed, ferroelectricity has been demonstrated in HfO2 films as thin as 1 nm 11 . On the other hand, 108 thickness scaling increases the capacitance of the FE layer, thus shifting the share of the applied voltage from the FE layer to the underlying MOSFET. Therefore, scaling of the thickness has to be balanced by increasing the effective capacitance of the MOSFET (without the FE) itself. In this regard, it has been shown that increasing the permittivity of the interfacial layer helps lower the operating voltage 400 . As an added benefit, it reduces the total electric field in the dielectric layer 397 , which reduces oxide breakdown, in turn exponentially increasing the endurance. Endurance of ~10 12 cycles has been demonstrated 400 . However, changing the interfacial layer brings the question of chemical compatibility of the interface. The overall effect would be negative if a higher permittivity interfacial layer introduces significantly more dangling bonds.

In recent days, several reports have demonstrated FeFET structures without using any interfacial layer, especially on oxide semiconductor channels in the context of monolithic 3D integration of FeFET technology [START_REF] Sharma | IEEE International Electron Devices Meeting (IEDM)[END_REF]402,403 . If these efforts are successful, the operating voltage could substantially reduce as any voltage drop associated with the interfacial layer is now eliminated. However, chemical compatibility of the FE layer with various oxide semiconductor channel needs further investigation. Interface defects could cause substantial polarization screening as mentioned before. This structure could also be more prone to READ disturb as hot electrons could easily get injected into the FE layer since no interfacial dielectric impedes their momentum. Overall, Si/SiO2 and SiO2/HfO2 interfaces are the most well-studied and most optimized interfaces for transistors. Therefore, controlled modification of these interfaces could lead to the most optimized FeFET performance. FeFETs based on other interfaces will need similar optimization efforts that have gone into Si/SiO2/HfO2. There is always a place for new FE materials. However, as discussed above, any new FE material needs to be scalable to very small thicknesses, requiring a high Ec. In addition, if the background permittivity can be made small, it will help the FE layer to get the lion's share of the applied voltage in the capacitance divider.

Another desired property will be the abruptness of switching. A very abrupt switching will reduce the amount of field needed beyond Ec for fast switching 404 . Finally, a large bandoffset with the semiconductor channel is necessary to reduce the injection of carriers into the oxide. While challenges remain in obtaining the most desirable characteristics from a FeFET device, we note here that the FeFET uniquely combines high speed, low power, and small footprint, which makes it attractive for applications at various levels of the memory hierarchy. Additionally, in recent years, many demonstrations have shown their use for various unconventional compute paradigms such as content addressable memory (CAM), non-volatile logic, analog in-memory computing, etc. Even in their current state, FeFETs provide a very efficient on-chip memory for edge AI applications where frequent READs and non-volatile storage of the weights are primary requirements. FeFETs with FE HfO2 layers are already available in highly scaled, 22FDX technology 404 . If the remaining challenges of endurance and operating voltage can be overcome, FeFETs will usher in a completely new era in computing.

c. Ferroelectric Tunnel Junctions (Beatriz Noheda)

Status

Arguably, ferroelectric tunnel junctions (FTJs) are the devices that can benefit the most from the advantages that HfO2-based ferroelectrics present with respect to other ferroelectrics. FTJs rely on ultra-thin layers, with thicknesses below 5 nm (in fact, well below this value for large band-gap materials like HfO2), such as to allow sufficient electron tunneling between the two electrodes, as shown in Fig. 21. At the same time, a robust polarization, and its imperfect screening at the asymmetric electrodes, is required to modify the average barrier height upon switching, modulating the transmission of electrons and achieving the so-called Tunneling Electroresistance (TER) effect. 405,406,407 . The appearance of polarization at the nanoscale in HfO2 FEs, resisting depolarization, makes these materials the best candidates for FTJs. First demonstrations of Hf-based FTJs report TER values of 20 for a 2.8 nm tunnel barrier, using the standard method of probing the conductance with the tip of an atomic force microscope 408 . However, the large band gap energies (~ 6 eV) of these materials have allowed fabricating stand-alone FTJ devices detached from the atomic probe microscope 409,410 . These devices, made out of 1.5 nm-2 nm tunnel barriers of Hf0.5Zr0.5O2 operate even with electrodes as large as 30um x 30um 

Current and future challenges

The thickness of the ferroelectric layer can be decreased further down to 1 nm, even on Si substrates, using ALD deposition, and these devices have shown TER values above 200 and tunneling currents above 1 A cm -2412 . In general, HfO2-based devices present very good device-to-device reproducibility, even for those that use growth techniques for which fine control is more challenging, such as PLD. However, the devices display cyclability issues.

This has to do with the relatively large switching fields that approach the breakdown fields in these materials, moving oxygen vacancies across the layer, similar to resistive switching memory devices. Therefore, a robust effect is often found only at low driving voltages, for which ion migration is unimportant 413,304,410 , 221,414,139,415 . However, under these conditions, reported TER values are reduced to about 5 409 .

Therefore, the great challenge is to design HfO2-based nanoscale FEs with smaller switching fields. For that, our understanding of the nature of the switching needs to be improved. The scarcity of observations of domain growth during the application of an electric field 135 , as well as the dependence of the switched polarization with the magnitude and duration of the electric pulses, point to a switching mechanism whose dynamics is determined by the nucleation of domains 416,417 , which could be a manifestation of intrinsic (non-cooperative) dipole switching. This would be consistent with the accessibility of the double-well energy landscape in these materials 51 and with the very particular features of the polar o-phase in HfO2: the structure is composed by polar and non-polar atomic layers parallel to the polarization direction, reducing dipole-dipole interactions and increasing the energy barrier for switching at the domain wall 15 , therefore promoting independent switching events. 111 Interestingly, some of the works mentioned above reporting epitaxial layers on LaSrMnO3buffered perovskite substrates have shown that the ferroelectric layer is oriented along the (111) direction and has r-symmetry, both in Hf0.5Z0.5rO2, 19 ZrO2 262,418 and Y-doped HfO2 60 . These materials present large polarization values and no wake-up effect. Even though interpretations on the nature of this rhombohedrally-disorted phase differ 19,18 , they point to the absence of non-polar sublayers, which are expected to increase dipole-dipole interactions and lower the coercive field with respect to the o-phase. the experimental switching fields are still large (actually larger, probably due to the clamping of the layer due to the epitaxy). Therefore, understanding the structural relationship between the differently observed polar phases is still a challenge in the field.

Advances in science and engineering to meet these challenges

It is interesting to notice that amorphous HfO2 was reported long ago as a promising tunnel barrier for magnetic tunnel junctions, using Co and Fe as magnetic electrodes, with changes of tunneling magnetoresistance (TMR) up to 30% 419 . The addition of ferroelectricity in crystalline HfO2, thus opens an interesting avenue for multiferroic tunnel junctions (MFTJs) 420,421 . Moreover, the large spin-orbit coupling in HfO2 can lead to measurable values of the tunneling anomalous Hall conductivity (TAHC) 422 , which may lead to new functionalities.

We mentioned above the prospect of using FTJs as memristive devices. Synaptic behavior, such as potentiation/depression of the conductance upon increasing the number of electric pulses and spike-timing dependent plasticity (STDP), have also been demonstrated in epitaxial tunnel junctions 417,423,424 . Great progress has recently been achieved toward device integration, and memristive FTJs with a back-end-of-line compatible process have been fabricated using 3.5 nm Hf0.5Zr0.5O2 thin films, obtaining current densities of 10 mA/cm 2 for driving voltages around 0.5 V (orders of magnitude larger than previous reports), on/off ratios of 7 (excellent for pure ferroelectric switching) at reading voltages of 112

Due to the large bandgap of these materials, layers of 3 nms or thicker are not suitable for direct tunneling in FTJs. However, interesting synaptic behavior can be obtained with somewhat thicker layers, based on Fowler-Nordheim tunneling or thermionic emission, depending on the electric field range 426,426 . Another example is the use of a heterostructure formed by a 12 nm thick Hf0.5Zr0.5O2 layer and a 2nm Al2O3 layer placed between two electrodes. In this case, the Hf0.5Zr0.5O2 layer is not the tunnel barrier. In addition, in this configuration, AlOx could also play the role of blocking ion transport across grain boundaries and/or provide an oxygen source/drain, increasing the endurance of the FTJs junctions 427 .

It is also possible to use a layer of HfO2 thick enough that it cannot support direct tunneling, but it can become conducting thanks to doping. This is the case of the recently reported epitaxial Y-doped HfO2 with a thickness of 4.5nm 428 . In this case, a polarizationmodulated transition from Schottky-barrier-controlled charge transport to Ohmic conduction is observed with on/off ratio of up to 540. Extending the concept of tunnel junction to these other more complex structures (even if direct tunneling is not the mechanism in place), opens a large number of possibilities for device design and optimization in the near future.

Finally, recent technological improvements allow engineering the top electrode independently from the rest of the device, leading to a much better understanding of the bottlenecks in device performance 359 . A very interesting line of research may come from combining 2D semiconductors with HfO2-based FEs films. TER up to 10 3 for biases below 1 V, in Hf0.5Zr0.5O2 FTJs have been reported with MoS2 as electrode 429,430 . The future looks bright for FTJs.

Concluding remarks

Despite existing challenges concerning reliability, thanks to the advent of Hafnia-based ferroelectrics and their unprecedented polarization retention behavior upon extreme miniaturization, FTJs that use 1-2 nm thick layers as the tunnel barrier are, finally, a realistic option in the memory roadmap, both for the development of digital RAM, as well as for memristive devices for brain-inspired information processing. 

Status

The demand for reducing both CO2 emission and the consumption of fossil fuels requires the long-term pursuit of renewable and sustainable energy sources such as solar, wind, hydroelectric, and tide energy. However, these energy sources are intermittent, and thus, there is a pressing need to develop high-power-density, efficient, low-cost, and environmentally friendly energy storage (ES) devices. The major advantages of the ES in dielectric capacitors are high ES efficiency, temperature, and cycling stability, as well as high power densities. On the other hand, regular dielectric capacitors cannot compete with the orders of magnitude higher ES of batteries or fuel cells. However, so-called supercapacitors, which combine the high power density of capacitors with much higher energy storage density (ESD), are ideal for applications where a large amount of energy has to be stored and released in a relatively short time. Currently, high ESD electrochemical supercapacitors, which are mostly based on the double-layer capacitance and pseudocapacitance effects, are used, e.g., to stabilize the power grid, recover braking energy in electric vehicles or provide a backup power supply for critical electrical systems.

Recently, there has been increasing interest in purely electrostatic solid-state supercapacitors based on highly polarizable materials that can be used for powering electronics. 106 In this context, FE HfO2 and ZrO2-based capacitors are promising candidates in spite of being scarcely investigated yet 431 . Figure 19 Biaxially oriented polypropylene (BOPP) is one of the most commonly used commercial capacitor films 436,437 . It is bulky, has an ESD of <7 Jcm -3 , a charge/discharge time in the µs range, 438,439 , and has a low maximum operating temperature of 105 0 C 431 . In order to achieve desirable ESD, a large capacitor bank with many rolls of the polymer film is usually employed. Besides that, ESD is obtained at high voltages, unfortunately bringing new challenges to the miniaturization and reliability of advanced electronics and electrical power systems 440 . Therefore, improving the ESD and working temperature of these capacitors is of utmost importance. Moreover, there is a need to reduce the size, weight, and cost of the capacitor structures for cutting-edge pulse power technologies.

Other polymeric materials than BOPP, glass dielectrics, and perovskite materials are being investigated for ES capacitors, which show superior ESD than BOPP 441,439,442 .

Polymers and glasses can exhibit a very high EBD (typically in the range of 1-10 MV/cm), but their low εr (typically <10) limits the ESD (< 30 J/cm 3 ) 443 . On the contrary, relaxor ferroelectrics (RFEs) and antiferroelectrics (AFEs), can display large εr values on the order of 100-1000, but they often suffer from relatively low EBD, typically <500 kV/cm 443 .

Nevertheless, this results in a high ESD (>110 J/cm 3 ), which is higher than the one observed in HfO2 and ZrO2-based capacitors. 431 However, HfO2 and ZrO2-based capacitors show promising physical properties that make them relevant for ES applications. Due to the large bandgaps of >5 eV and large conduction band offset when contacting nitride-based electrodes, FE HfO2-and ZrO2-based thin films exhibit low leakage current 357 . This results in a very high dielectric breakdown field (EBD) up to ∼5 MV cm -1 , which is desirable for ES applications. In addition, these materials can exhibit a high maximum polarization (Pm) of ∼50 μC cm -2 , while the Pr can be adjusted from ∼5 up to ∼30 μC cm -2216 . Another positive characteristic of HfO2 and ZrO2 films is their fast switching times, in the nanosecond range, 444 and their robust FE polarization even at thicknesses as low as ~1

nm 11 . This allows the design of nanocapacitors for applications in miniaturized energyautonomous systems. However, the ESD and efficiency are compromised by the large hysteresis loss and also by the higher Ec typical in the range of 1-5 MV cm -1 in these materials 444445 . To compete with other promising materials, such as RFEs, it will be Besides, it is important to optimize the ES properties of the FE HfO2 and ZrO2-based thin films, it is also important to mention that for the final application, the thickness of the substrate needs to be taken into consideration, which can significantly decrease the ES performance. Moreover, to meet the ES requirements of the automotive, power transmission, aerospace, oil, and gas industries, the temperature stability of the ES performance needs to be increased up to 250 °C446 , as shown for RFE ceramics and films. 439 In addition, the performance of the capacitors should be investigated with continuous cycling and at high frequencies since most of the applications (e.g., highfrequency inverters) work at this regime.

Advances in science and engineering to meet these challenges

The FE properties in HfO2 and ZrO2-based thin films are widely being investigated.

Different strategies are employed to enhance the FE polarization and reduce the Ec in these films. For instance, defect engineering through ion bombardment proved to be an efficient way to improve ferroelectricity in HfO2-based films 447 . However, there is still no practical evidence on how much Pm can be enhanced and how this would enhance the ES performance of the devices. On the other hand, low Ec could be obtained via topological domain walls and phase boundaries, which leads to a significantly low intrinsic energy barrier for domain reversal and so allows rapid nucleation and growth of FE domains 141,43 .

This theoretical result still needs experimental validation, which should affect the ES performance of the capacitors.

Other strategies such as strain, multilayer, and dead-layer engineering through deposition control are proposed to also improve the ES performance of the capacitors and still need to be investigated in more detail. The design of 3D nanostructures capacitors instead of the 2D ones should be investigated since they allow much higher polarization and ESD. For example, in AFE ZrO2-based capacitor, an enhancement of the ESD from 37 up to 937 J cm -3 has been obtained 389 .

Moreover, by integrating the FE-Hf0.5Zr0 HfO2 and ZrO2-based thin films have also demonstrated in-plane polarization 449,[START_REF] Cheema | [END_REF] and in the case of ZrO2 films, [START_REF] Cheema | [END_REF] it would allow the application of a high voltage (~60 V), which could be beneficial for some applications where high voltages are needed. However, the active capacitor area is reduced, and the material under the electrodes has nearly zero electric field, which can be detrimental for ES applications. Therefore, in-plane devices can also be investigated for ES applications.

Shaping the size of ferroelectric nanodomains is also envisaged to impact the ES performance of the devices, as observed in the case of RFEs where a superparaelectric state is achieved 450 . In this state, the nanodomains are scaled down to polar clusters of several unit cells so that polarization switching hysteresis is nearly eliminated while relatively high polarization is maintained. In this case, Pan et al. showed an ESD of 152 J cm -3 with improved efficiency (>90% at an electric field of 3.5 MV cm -1 ) in samarium-doped bismuth ferrite-barium titanate films. 450 Moreover, a high Weibull modulus β of 14.9 is achieved, indicating narrowed distributions of EBD data and improved film uniformity. The strong relaxor features in the superparaelectric films lead to temperature-insensitive dielectric properties. Therefore, the ES performance is stable over a wide temperature range (173 to 423 K), with an energy density variation of <6% and an efficiency variation of 

Concluding remarks

In summary, while much progress has been made over the past ten years with regard to an understanding of the FE properties in HfO2 and ZrO2-based thin films, significant work remains to be done, in spite of these materials exhibiting fascinating properties, regarding the possibility of application of these materials in ES. Law. Thus, additional device requirements such as linearity in weight update and IVcharacteristics, high impedance, large dynamic range, and low variability are key. Finally, spiking neural networks (SNN) benefit from the accumulative switching properties of the ferroelectric devices 455 . Common to all these architectures is their data-centric approach to overcome the von-Neumann bottleneck. Thus, the research on ferroelectric device applications beyond pure memory has recently gained a lot of traction.

Current and future challenges

For the specific application, both readout and programming dynamics are key and strongly linked to the circuit design for the implemented learning algorithms. For the FE HfO2 there is a trade-off between switching field and switching time 456 . It is possible to obtain both, digital weight update by strong programming pulses, or more gradual weight update by varying programming pulse times or amplitudes or a mixture of both like in spike-timedependent-plasticity (STDP) [START_REF] Jerry | IEEE International Electron Devices Meeting (IEDM)[END_REF] . In this context, the largest challenge is seen in overcoming the typical non-linear weight update of FE devices. Moreover, caused by the polycrystalline nature of the FE layer, there is a direct trade-off between multi-level switching and device scalability. Thus, the scalability of HfO2-based FE devices for digital storage is limited to about 0.2 µm 2 cell size 458 , and for analog weight storage, it gets even more challenging to deal with the device-to-device variability. Target programming schemes can help at the cost of increased complexity of the programming circuit, which is detrimental for non-array like designs.

On the other hand, small-scaled FeFETs with just a small number of single FE domains exhibit versatile interesting switching dynamics. Besides digital, gradual, and cumulative switching, accumulative switching 455 and stochastic switching 459 allow a huge variety of application cases beyond synaptic weight storage. Spike accumulation in neurons , the realization of physical unclonable functions (PUF) and random number generators are some examples. However, the controllability of the single-domain switching kinetics and the distribution of coercive fields among different domains within one device is limited. Thus, a proper programming circuit design and limitation of the dynamic range are key.

For analog MAC operation, typically, a linear I-V characteristic is required. However, in FTJs, the conduction mechanisms are generally non-linear, thus limiting their suitability in this respect. A different input data representation for example by using pulse-width coding at constant read voltage instead of pulse amplitude coding, might be one way to mitigate this issue. The non-linearity is easily circumvented in three-terminal synaptic elements or FeFETs, where the current during the reading doesn't flow through the ferroelectric layer but through a channel material. Excellent IDS -VDS linearity was obtained using conducting oxides, for example, WOx 461 as channel materials.

For FeCAPs up to 10 18 switching cycles have been predicted 461 . In contrast, Si-based FeFET endurance is typically limited to ~10 5 cycles, mainly due to degradation of the channel interface. FTJs suffer from similar effects, making these devices more suitable for inference applications and un-frequent weight updates. In this case, longer retention times are required, which has been demonstrated for digital storage in FeCAP 

Advances in science and engineering to meet the challenges

The specific weight update characteristics of the ferroelectric devices depend on the ferroelectric film, its microstructure and the formation of domain walls, and the resulting energy barriers between the different polarization states. Thus, material optimization towards small grain sizes targeting at gradual switching of many small domains featuring a certain distribution of the Ec will be key to success of FE devices as analog synapses. In contrast, a sharp Ec distribution is mandatory for digital switches.

Besides the FE layer properties itself the switching dynamics and device reliability are further influenced by the whole material stack, including electrodes and their work function, interlayers or interfaces, the device structure and size. Moreover, other physical and chemical effects such as ion migration, oxidation of electrodes or reduction of the metal oxide films as well as charge trapping effects 463 can have a strong impact on the device's electrical characteristics. Thus, the optimization of a desired weight update characteristic has to consider not only the FE material itself but the whole layer stack and, consequently the device design, and is subject of intense research.

For front-end-of-line (FEOL) Si-based FeFET optimization the main focus will be on the improvement of the devices reliability in terms of cycling endurance and device-to-device variability, since the FeFET size directly influences the silicon cost. FeMFETs featuring an internal electrode can benefit from the freedom to optimize the ratio between FE capacitor and gate capacitor in the trade-off between memory window and depolarization field and from the better reliability of the FeCAPs 464 . However, for this concept, any leakage current towards the floating internal node has to be prevented to avoid compensation of the polarization charge. Thus, material stack optimization towards ultra-low leakage and reliability in terms of stress-induced-leakage-current (SILC) will be of utmost importance.

The focus of FTJ development will further be driven by the need for increasing the oncurrent density and the optimization of the device reliability. The adoption of multiple Incorporated in circuits, the operation voltages of the FE devices ideally should not exceed 3V to 5V. A reduction of the FE layer thickness might be targeted, which however causes increased annealing temperatures, thus affecting the BEOL compatibility. Another approach is stack engineering e.g. combining FE HZO and AFE ZrO2 91 .

Besides the device optimization measures, also the electrical operation conditions must be adapted to the specific device design 465,[START_REF] Jerry | IEEE International Electron Devices Meeting (IEDM)[END_REF] . Thus, a thorough design-technology-cooptimization (DTCO) will be mandatory key to success.

Concluding remarks

The growing interest in AI-hardware development and the need for non-volatile storage devices that are to be co-integrated with conventional CMOS devices reflects itself in a significant growth in the research on ferroelectric devices for application in beyond von-Neumann architectures during the past 5 years. Compared to other storage concepts the FE devices benefit mainly from a low-power program operation, a defined and well understood physical process and a great flexibility in device design. This gives rise to a large variety of potential application cases as digital or analog synaptic weighting elements, as spike accumulators or as routing memory in SNNs using address-event representation (AER) of spikes. However, there are still several technological issues to be solved, and at the present, there are no clear winning usage scenarios. When looking at the current research activities in the field of neuromorphic computation, there is still a large potential for the scientific and engineering communities in terms of algorithm development and DTCO, that will finally lead to a commercial application of the "ferro-neuromorpic" devices. 124

Status

A standard measurement protocol is critical in order to accurately compare between HfO2based films. Typically, in order to obtain polarization-voltage (P-V) curves, the current through the capacitor during switching is integrated. Measurement techniques include the Sawyer-Tower 466 or virtual ground method 467 , with most commercial FE testers using the latter. When a voltage pulse is applied to a FE, the current response will consist of the switching current, leakage through the FE, and dielectric displacement current. Leakage contributions can be removed using dynamic leakage current compensation via measurement at different adjacent frequencies 468 . If non-switching contributions are large, the positive-up negative-down (PUND) method 469 can be applied to avoid remanent polarization overestimation. Here, two consecutive voltage pulses are applied in each polarity. The current (or charge) in the second pulse is subtracted from the first in order to remove the leakage and dielectric components, which in the ideal case yields only the remanent polarization. From this basic measurement, different pulse trains can be established, which characterize various aspects of FE device operation [START_REF] Jerry | IEEE International Electron Devices Meeting (IEDM)[END_REF] .

Complementary to P-V or I-V measurements, small-signal capacitance-voltage (C-V) measurements can be used to observe the FE response, yielding a characteristic 'butterfly- Multiple current states are estimated through partial switching as for FTJs. A useful technique is plotting 𝑉 𝐺 against the time it takes to close half the memory window for each state, from which the retention of each state, minimum switching time and optimal operating parameters can be estimated 320 .

Current and future challenges

Certain challenges arise when the film is leaky, which is usually the case when reducing the thickness of FEs below 5 nm. Since FE materials are also piezoelectric, an alternative method to measure the FE response is by determining the sample deformation under an AC bias through piezoresponse force microscopy (PFM). In ultrathin films, the high leakage during switching necessitates the use of PFM for observing hysteresis 474 . At the same time, PFM must be carefully performed since other electromechanical responses, in particular charge injection, can mimic ferroelectricity 475 and complementary methods should be applied in order to confirm the observed ferroelectricity.

Recent work has again highlighted the limitations in current FE characterization techniques for evaluating devices in the presence of a large depolarization field 476 , such as in ultrathin

FEs or in FEs integrated with a dielectric layer. It was shown that PUND analysis underestimates both the irreversible and remanent polarizations in the presence of depolarization fields. In the case of FeFET, parasitic charge trapping effects can obscure the memory window on short time scales while improving retention and degrading endurance 398 . This means that reported figures of merit may sensitively depend on the exact measurement routine applied. Charge injection has been shown to play a significant role in the switching of any film integrated with a dielectric layer, for example, FTJs or negative capacitance devices 477 .

In FeFETs, the read and write paths are fully decoupled so that ON & OFF states can be measured independently from the switching current. Conversely, for FTJs, it is important to distinguish current components in order to properly characterize the device resistance levels. Quasi-static IV curves are reported, which either cover the whole switching range the former case, there is a risk if trying to extract the resistance states that the tunneling current is conflated with the switching current even at low sweeping rates. Another method would be measuring the resistance state directly at the read voltage, where applying a long bias time enables the separation of the read current from background components 480 . When moving to on-chip operation and characterization, a pulsed read scheme is required where the desired device behavior can no longer be decoupled from the background currents, necessitating new measurement schemes.

The wake-up effect seen in HfO2-based FEs raises challenges for devices. While the FeCAPs may have nominally similar electrodes on either side of the FE, FTJs and FeFETs typically have different electrodes or interfaces, leading to an asymmetric field distribution.

As such, the wake-up will depend both on the built-in imprint field and particularly on the electrical cycling parameters (waveform type, frequency, amplitude etc.) 481 . Thus the wakeup behavior needs to be characterized, well-reported and optimized for individual device stacks.

Advances in science and engineering to meet these challenges

As HfO2-based FE technologies mature, a shift from macroscopic characterization to onchip measurements is necessary. Characterization of on-chip FeCAP devices has already allowed the observation of switching speeds down to the nanoseconds 384 . A 120 dB pulse generator has been demonstrated that meets the requirements for on-chip testing of FE devices, where pulse widths can be precisely controlled across 6 orders of magnitude 482 .

This allows read, write, switching kinetics and multilevel programming operations to be performed on-chip with the same circuitry.

For lab-based characterization, the device layout also needs to be optimized to allow the application of short pulses to avoid pad and connection parasitics from influencing the read and switching currents. For example, the use of active voltage probes for connecting devices was recently demonstrated in order to measure FE HfO2 without parasitic cable capacitances, enabling direct measurement of devices with areas below 1 𝜇m 2 483 . 128

Due to the typically small thicknesses of HfO2/ZrO2 FEs, interfaces play a dominant role in their behavior. Recently, a pulsed measurement scheme was proposed to quantify interface charge traps 484 . Additionally, small-signal CV measurements to quantify interface traps can be better understood by new models in combination with experiments 485 . This demonstrates how both new measurement schemes and device modeling can contribute to a better understanding of FE device behavior.

Concluding Remarks

Accurate measurements of the properties of HfO2-based FEs are pivotal in ensuring that these materials reach their potential in the field of memory devices and other applications.

Proper measurements and detailed reporting of measurement schemes allow benchmarking between different technologies and processes. However, HfO2 FEs still suffer from reliability issues and large depolarization fields, which can obscure measurement results.

Therefore, the question of how to properly characterize HfO2 films can be broken down into two parts: the first is how to determine the fundamental properties of the FE, and the second is how to correctly compare between devices and technologies.
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The 350°C 491,203,426 , favoring stable operation for memory applications. However, this temperature can be reduced with film thickness, dopants and strain 88,203 and thus strengthen the TD phenomenon. The thermal depolarization can also be due to the depolarization field induced by an incomplete polarization compensation at the electrode interfaces 492 

Current and future challenges

Despite these recent advances in the field, major challenges remain to improve performance and reliability, especially at the material/stack level.

Indeed, dopants, oxygen vacancies, and charge trapping play essential roles in device functioning 306 , affecting phase formation, FE properties, and electric conductivity. In particular, HfO2/ZrO2 films require oxygen vacancies to stabilize the o-FE phase, while a reduction in oxygen vacancies content leads directly to an unwanted increase in the nonpolar monoclinic phase formation. Oxygen vacancies concentration is difficult to control and can evolve within the films during electric field cycling. Moreover, low thermodynamic barriers between the polar o-and the non-polar t-and m-phases reflect the high degree of polymorphism in hafnia 495 , highlighting the need for careful phase engineering in thin ferroelectric films.

The electric fields experienced by FeRAM can attract charges from the electrodes, and induce drift of free charges and charged defects within the layer 492 132 capacitive divider within bitcell 377 . This reduction is achievable in advanced technology nodes and/or with proper design optimization [START_REF] Rodriguez | IEEE 8th International Memory Workshop (IMW)[END_REF] .

Concluding remarks

In conclusion, improvements in switching voltages/times and data retention are in constant progress. These key parameters are important milestones for the future integration of HfO2 at the interface between an HfO2 gate and a Si channel. In the last decade, a number of experimental and theoretical works detailed the role of such layers in the functionality and reliability of such devices 502 . Earlier, the breakdown of the dielectric gate was identified as the main cause of the device failure. This led to the emergence of interlayer free stacks, for example, using Germanium 280 or metal oxide semi-conductors as the channel 503 or electrode material. Later, the presence of defects within the HZO layer upon cycling was also studied 504 . Temperature-dependent transport experiments showed that upon cycling, the energy barrier seen by electrons in the bulk of an HZO film was lowered 505 , indicating a redistribution of defects in the later.

Several studies confront X-Ray Spectroscopy analysis to electrical characterization, shedding light on the key role of contaminants in hafnia. Varying the chemistries (gas, precursors) during the ALD or during the annealing showed that dopants such as Carbon or

Hydrogen are detrimental to endurance 506 . It was experimentally observed that MFM stacks deposited in situ show improved endurance compared to stacks exposed to air 507 .

The number of works combining X-Ray analysis, eventually Scanning Transmission Electron Microscopy and electrical characterization correlate the increase of the endurance to a decrease in the fraction of m-phase. In general, for comparable thicknesses, a larger endurance is also observed, together with a reduced leakage current.

Current and future challenges

Today, the most significant trade-off in terms of endurance is the dynamic range of the device. The number of cycles a given device can endure increases as the applied electric field decreases, and the endurance figure is generally reported for "full" switching operation, i.e. reaching the maximal Pr. The corresponding electric field for HfO2-based FE is around 2 to 2.5 MV/cm. Operating the device in sub-polarization loops has proven an efficient way of increasing the endurance and eventually working with polarization states that are more stable regarding temporal drift. However, for applications such as synaptic weights for artificial neural networks, an ideal On/Off ratio of 100 is required. Today, many The most mature HfO2 devices (FeFET and FTJ) are based on a dielectric interlayer. The parasitic charge trapping during writing was identified as the most detrimental phenomena to the endurance. The injection of electrons or holes in the gate, promoted by large fields, leads to the creation of defects both in the interlayer and in the hafnia. Moreover, these charges screen the ferroelectric polarization charges, reducing the ferroelectric field-effect and, thus, the device performance.

Understanding role of oxygen vacancies is a critical aspect of solving reliability issues in FE devices. On the one hand, improvements in reliability were obtained by interfacing HZO with a metal oxide electrode such as WOx, VOx, TaOx, RuOx or CeOx. Some evidence points to a supply of oxygen atoms from the electrode to HZO during the crystallization, resulting in a FE film with less interfacial oxygen vacancies and improved reliability 352 . On the other hand, doping hafnia with three-valent atoms such as La increases the oxygen vacancy content 508 but also the energy barrier for the creation of additional oxygen vacancies during cycling. Similarly, controlling the optimal fraction of FE, o-phase is not trivial. A slight increase in the tetragonal phase can be beneficial to endurance, as it tends to reduce the coercive field of the thin film 509 . It is the approach explored by the fabrication of superlattices or nanolaminates 510349 . It is also the mechanism behind the use of La-doping, which limits the crystallization in the m-phase but favors the non-polar t-phase. But, Ladoping of HZO also leads to an enhancement of the wake-up behavior. A diminution of the coercive field was also obtained by quenching an epitaxial thin film in a tetragonal phase without any degradation of the remanent polarisation 511 .

Wake-up is the increase in Pr during field cycling, which can change hysteresis shape. In most cases, a pinched hysteresis loop in the pristine case opens to an unpinched loop during field cycling. Several reasons are given in the literature: There could be charges in the layer that pin the domains and inhibit their switching 131 . These charges can be redistributed by the applied external field, unpinning the domains. Furthermore, there may be a field-driven phase transition from a non-polar t-to a polar o-phase 330,[START_REF] Lomenzo | Joint Conference of the IEEE International Frequency Control Symposium and International Symposium on Applications of Ferroelectrics (IFCS-ISAF)[END_REF] . During field cycling, strain, and stress relaxation can be caused by electronic or ionic charge redistribution or injection. In addition, ferroelastic switching has been described to cause a 90° domain reorientation from an in-plane polar axis to an out-of-plane polar axis of the polar o-phase 513,514 .

Furthermore, a reversible transition between the polar and antipolar phases has been reported 56 . Wake-up effects can be drastically reduced by optimizing dopant and oxygen vacancy content 25 , stabilizing the tetragonal phase in the film. From this discussion, it is clear that each materials system possesses an optimal composition, their control will require increasing support from first-principle simulations 145,515 and experimental work.

Advances in science and engineering to meet these challenges

Regarding the dynamic-range vs. endurance trade-off, combining the doping of HZO with ~1-2% mol of group III atoms, with a full stack growth in one batch is a promising route.

For example, La-HZO thin films show a record endurance of 10 HZO films can also be fabricated in BEOL-compatible conditions, further reducing the electric field required to switch the polarization and reaching endurances above incorporating a high-k SiNx layer between the Si substrate and the FE. Thanks to the higher permittivity of SiNx compared to an SiO2 interface, a reduced electric field is required to switch the FE polarization. As discussed above, introducing a small fraction of t-phase in the film can efficiently reduce the electric field required to switch the polarization without degrading the Pr. In this direction, an approach for obtaining mixed-phase thin films is to minimize the phase transition from tetragonal to orthorhombic during the wake-up. Such a route will favor materials with a high remanent polarization in the pristine state, for example, by optimizing simultaneously the Zr and the oxygen content 25 . Apart from the group III doping, recent work proposes introducing t-phase spacers (ZrO2) within the HZO in nanolaminate films 510 , creating topological domain walls. Finally, the parasitic charges can be eliminated after writing by an electrical pulse: the waveform is then tailored to detrap the charges. 

Concluding Remarks

In the last decade, the systematic benchmarking of novel stacks, geometries, and fabrications processes allowed to correlate the endurance properties to materials and electrical properties. These correlations drove the understanding of the device's physics This exciting absence of intrinsic limitation should continue driving the quest for ever more endurant FE devices in the future.

Commercial Market opportunities in non-volatile memories (T. Mikolajick, Uwe Schroeder, and Stefan Slesazeck)

Status

A non-volatile memory is defined by data retention of 10 years at elevated temperatures.

For commercial applications, a reference temperature of about 55°C is typically assumed to mimic a typical temperature use profile for a temperature specification of 85°C. For automotive and industrial applications, even higher temperatures up to 165°C can be required. At the same time, a fast re-write speed is required. For random access memory applications, the re-write speed needs to be in the sub-nanoseconds to 10 nanosecond range, while for storage applications, the re-write speed can be in the microsecond to millisecond range. Therefore, there is a difference in dynamics of 11 to 17 orders of magnitude between The and only concept that made it to market is FeRAM which was first commercialized in 1993 based on a PZT FE integrated into a CMOS base process 517 .

Although big hopes were associated with this breakthrough that a non-volatile version of a DRAM would soon become available, the technology made a very slow scaling process, mainly due to the compatibility issues of PZT (and also later SBT) with CMOS processes.

The FeFET development struggled from the inherent depolarization field and the low coercive as long as PZT, SBT, and related materials were used 518 . First FTJs were only realized mid of the first decade of the 2000s 407 , and even today, they are still in a stage of basic research.

Current and future challenges

The scaling of FeRAM using PZT as a FE has stopped at the 130nm node and is hindered by the fact that up till now, the integration of PZT in scaled 3-dimensional capacitors has not been mastered 519 . In contrast, FE HfO2 can easily be integrated into 3-dimensional capacitors using ALD. However, the high coercive field is the biggest issue for this material system. On the one side, it requires relatively high switching voltages, and switching by sub 1 V VDD available in scaled technologies is very hard to achieve. On the other side, the high field during switching limits endurance. Both issues are currently tackled by engineering the FE and the electrode materials, and slow but continuous progress is visible.

For FeFET devices, the first fully integrated FeFETs based on FE HfO2 with small dimensions were demonstrated in 2011, and continuous progress has been shown in the last years 391,520 . Both embedded NVM 391 and 3D integrated storage type devices 520 are currently the main targets, but FeFETs are also hot candidates as primitives in in-memory and neuromorphic computing 521 (see bottom part of Fig. 22). Here, device-to-device variability 139 is still a major issue. While realizing more homogenous layers with respect to domain size and orientation is the main topic that is in the focus of the material development, also smart algorithms during writing, as known from floating gate and charge trapping memories, can be used to optimize the behavior of the cells in large arrays 522 . However, more sophisticated solutions tailored to the specifics the FE switching will be required in the future.

One of the main challenges in FTJs is the very low read current. Therefore, these devices are not so much in the focus to realize pure memory applications but are mainly considered as artificial synapses in neuromorphic computing systems 521 . Scaling the thickness of the FE is the natural way to increase the read current.

Advances in science and engineering to meet the challenges

Significant progress has been made in optimizing the material properties of FE HfO2 in the last ten years 13 . For the applications in FeRAM, the technology has gone closer towards fulfilling the specification (see section on FeRAM). However, the final goals with respect to low voltage operation and reliability have not been achieved also, impressive demonstrations, including reliability extrapolation, have been accomplished 13501 . The topics are mainly addressed by working on the capacitor stack. Thinner FE layers as well as different dopants, can be used to reduce the voltage. At the same time, the reliability needs are tackled by optimizing both the FE material and the electrodes as well as the interface between them 13 .

For FeFET devices, the variability has been continuously reduced in large arrays 391 .

However, further improvement is required to scale the cell size to the desired region.

Moreover, cell variants like the ferroelectric-metal-field effect transistor (FeMFET) can allow to tailor the cell requirements by decoupling the FE layer optimization from optimizing the underlying field effect transistor at the price of a larger cell size and an additional floating gate 357 . Moreover, very good progress in retention and endurance was reported 357,400 . Since using hafnium oxide enables to realize FeFET devices scaled to nm dimensions for the first time, new effects like abrupt and accumulative switching have been discovered that could be explored to realize new functionalities, especially as artificial neurons in neuromorphic computing devices 521 . Besides the applications in different memory devices, the mentioned FE devices also show great promise for in-memory and neuromorphic computing. In the last field, also FTJs are an option to realize compact synaptic functions. One of the approaches to significantly improving computing efficiency is by directly integrating high-speed and high-density memory elements closer to the high-performance computing units (cores), which are typically built by advanced logic transistors; for example, embedded DRAM (eDRAM) 523 . However, the scaling of conventional eDRAM has become more and more challenging due to higher transistor leakage, larger aspect ratio of capacitors, and more significant refresh power. On the other hand, FE memory, such as FeRAM, holds a great promise toward highly scalable fast embedded memory solutions because of (i) the similarity of conventional eDRAM in terms of cell structures except for replacing dielectric capacitors with FE capacitors, (ii) better access transistor scaling due to memory bits stored in the bound charge of materials, rather than the free charge at the floating node like conventional DRAM, and (iii) low refresh power thanks to longer retention time from a large energy barrier between two polarization states. For memory options that are potentially qualified for eDRAM or last-level cache, the read and write operation times need to be less than 10 ns, the maximum operation voltage needs not to exceed 2 V with either positive or negative polarity depending on the cell designs, retention time needs to be longer than 1 ms, and read and write endurance cycles to be higher than 10 12 524,525 . Note that these device metrics need to be satisfied at elevated temperature as the cache-level memory is close to the core computing units that are typically hot during operations. Also, to achieve a competitive capacity, a tight distribution of variations in device metrics is required at the relevant small device dimension. To satisfy these specifications, functional FeRAM cells with scaled deep-trench AFE HZO capacitors (0.008 µm 2 ) have been developed and demonstrated at elevated temperature to deliver (i) operation voltage range from -1.8V to 1V, (ii) read and write operation speed down to 2ns, (iii) healthy retention up to 10sec, (iv) robust read and write endurance cycles up to 10 12 , and (v) acceptable variations at 4𝜎 across a 300mm-scaled wafer 524,525 . Note that -1.8V is the voltage across the FE capacitor, which is defined from However, to be a viable device option for high-speed and high-density embedded memory applications, there are still several challenges that need to be addressed in FeFETs such as high operation voltage, slow write speed, limited write endurance, required long delay between initial read operation after the write operation 527 , and significant degradation in variations in scaled dimension 528 .

Moving toward high capacity with fast FE memory, a configuration based on a crossbar array is of great interest, as it can be easily stacked with low cost to further increase the density 529 . To fit into such an architecture, FTJs or diodes with a built-in selector function can be potentially served as a compact two-terminal cell structure due to (i) a large enough electric field across the junction enabling fast polarization switching with low operation voltage, (ii) robust write endurance based on polarization-dependent on and off currents, and (iii) high array scalability thanks to low write currents. Nevertheless, low read currents with a poor on/off ratio are observed for these devices and need to be further improved to high-speed and high-density embedded memory applications. Ferroelectric HfO2 and ZrO2 are expected to be the dominant materials in memory technologies in the short to medium term, with further promising applications in other areas such as the energy storage. To achieve this, materials' properties improvement is needed.

There are many challenges left in all aspects of bulk growth, thin-film growth, and device processing.

With respect to bulk growth, laser floating zone method seems to be the most convenient method to obtain o-phase HfO2:Y, but it would be relevant to investigate other dopants and also yttrium-stabilized zirconia, since it is a famous ionic conductor material. It was important to be able to find FE properties in bulk material and not just in small grains.

Here, a solid solution with uniform Y doping in HfO2 resulted in a centimeter-sized rod after rapid cooling of a molten liquid.

In the case of thin-film growth, there is a very large range of techniques that are being used to grow FE HfO2 and ZrO2 that have specific advantages and disadvantages inherent to the deposition process itself. However, fundamental research on the physical properties of these materials is important and should be conducted with the support of the academic community. In particular, a more complete understanding of the physical properties of point defects and interfacial role is highly required to fully understand the materials devices 146 behavior. Furthermore, we should highlight the growing interest in epitaxial films, which are now being intensively investigated, due to the reduction/elimination of some of the current issues of polycrystalline thin films, such as the wake-up effect. In this case, the PLD growth method seems to be the most used method due to the high homogeneity, flat surfaces and interfaces, and excellent functional properties.

To overcome the challenges of the wake-up effect, large switching voltages, moderate retention and endurance, imposed by FE HfO2 and ZrO2-based materials, different strategies, such as doping, defect engineering, interface engineering, electrodes optimization and laminated structures are currently being investigated. Limitations of controlling structure, interfacial thickness, chemistry, and physical properties is primarily a function of the selected deposition technique, processing conditions, and source materials.

As for device improvement, it is still necessary to improve reliability of FE HfO2 and ZrO2-based capacitors. As discussed, charge injection and movement need to be reduced to enhance endurance and retention. Here, a lower switching voltage, a stable Pr which is not too large and a low defect density at the electrode interface and within the bulk of the ferroelectric layer are required. In the case of FTJs, it is critical to reduce the switching fields, and thus an understanding of the dynamics of polarization switching between the different phases is still needed. Interestingly, it is also possible to use a thick HfO2 layer that does not support direct tunneling but can become conductive through doping. This should allow the development of new devices and their optimization in the near future. On the other hand, in the case of supercapacitors, it will be necessary to increase the ESD by ∼50%, to ∼150 J cm -3 , while keeping an efficiency of ∼95% and therefore different strategies are anticipated to achieve this.

In 2021, the tenth anniversary of the revolutionary discovery of the ferroelectricity in Sidoped HfO2, which stimulated intensive international research on these materials, was completed. In this decade, FE HfO2 and ZrO2-based materials have attracted the interest of the scientific community, and many fundamental material and device technologies have been created. In addition, manufacturing companies started to develop their way in marketing some of these devices. However, for both FeRAM and FeFET devices, the problems of reliability and, for FeFETs, the additional problem of variability for scaled 
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 1 Fig. 1 (a) Cross-section, atomic-resolution scanning transmission electron microscopy (scanning-TEM) polarization-map of polar vortices in (PbTiO3)n/(SrTiO3)n superlattices. Adapted from Ref. 5 . (b) Schematic (left) and cross-section TEM image (right) of a CuInP2S6 (CIPS) device structure. Adapted from Ref. 8. (c) Cross-section scanning-TEM image of ultrathin Hf0.8Zr0.2O2 heterostructures (left) and a schematic illustration of the

  atom orthorhombic unit cells are contained in a 45° rotated cuboid with half the area in the plane.

  the mass production line, due to the already matured production of the high-k CMOS devices, facilitate the acceptance of the material in the semiconductor industry at an unprecedented pace.

  )-oriented Y-doped HfO2 film grown on

  materials. The CMOS fabrication line-friendly material properties accelerate their active adoption in the semiconductor field at an unseen pace. It is exciting to expect the commercialization of mainstream semiconductor devices, not niche markets, using ferroelectric material after its finding ~100 years ago. c. Piezoelectricity (Alexei Gruverman/Jorge Íñiguez)
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 3 Fig. 3 Left panel: Structure of the ferroelectric phase of bulk hafnia. The Hf-O bond distances involving the polar-active oxygen "OI(1)" are indicated. Center and right panels: Electronic charge density around oxygen OI(1), which controls the piezoresponse in both bulk HfO2 (center) and an epitaxially compressed film (right). If we stretch the material along the polarization direction (η>0 along the vertical), the active oxygen moves (black arrow) to preserve the length of the chemical bonds most affected by the strain.

  Experimental studies of piezoelectricity in HfO2 are based on the use of macroscopic testing techniques (double beam laser interferometer (DBLI), synchrotron XRD) and local probe methods (PFM). While the macroscopic methods are more

  to tuning of the piezoelectric behavior by selecting the polarization switching path 71 . This is a challenge worth taking! d. Pyroelectricity (Patrick D. Lomenzo) Status Pyroelectric films are extensively used in infrared (IR) detectors for a wide range of applications, such as gas detection (CO, CO2, CH4, and C3H8), flame detectors, motion and gesture detection, and thermal imagers. Pyroelectrics also receive increasing interest for energy harvesting and electrocaloric cooling applications. Perovskite single-crystal LiTaO3 or PZT materials are frequently employed in infrared detectors due to their large pyroelectric coefficients (p). The pyroelectric coefficient is comparatively smaller in HfO2 and ZrO2-based pyroelectric films, yet the CMOS compatibility, environmentally sustainable chemistry, and the relative ease of fabrication are attractive for fluorite-based hafnia and zirconia IR detector development. -based FEs are pyroelectric active materials due to the existence of the polar Pca21 o-crystal structure
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 4 Fig. 4 (a) Pyroelectric coefficients (p) vs. remanent polarization (Pr) for various types of FE HfO2-based thin films. (b) Voltage sensitivity vs. current sensitivity figures of merit of HfO2-based pyroelectrics compared with other materials. The pyroelectric coefficient in HfO2 is typically proportional to the product of εrPr, though proximity to a phase transition may enhance p further.

FE

  Furthermore, pyroelectric-based energy harvesters with trench capacitor geometries could aid in improving the active pyroelectric volume that can scavenge thermal energy. Future investigations into HfO2 and ZrO2-based films that employ direct measurements of the giant pyroelectric effect near the orthorhombic-totetragonal phase transition at or above room temperature would help to shed light on how the proximity of the phase transition might advance energy harvester. The development of nanostructures and evaluating the role of substrate clamping effects would also aid in better assessing primary and secondary pyroelectric coefficients, the latter of which arises from the piezoelectric effect and thermal expansion[START_REF] Jachalke | [END_REF] . HfO2 and ZrO2-based films show very promising pyroelectric properties for infrared sensing, energy harvesting, and electrocaloric cooling applications. Although this fluorite structured material system lags behind in some infrared sensor performance metrics with best-in-class materials like LiTaO3 and PZT, research on HfO2 and ZrO2-based FE materials has only exceeded the one-decade mark at the time of writing. With further advances in processing and film development, it remains to be seen if FE HfO2 and ZrO2 materials can close the performance gap in infrared sensing devices compared to leading commercial materials.

  Transient and stabilized NC. While transient NC can occur during hysteretic polarization switching in FEs, NC can be stabilized by an external positive capacitance to achieve

  , thus achieving lower overall EOT without degrading the transistor performance and reliability.

  effects due to the multi-domain nature of the FE layer and how these influence the quantum confinement in the semiconductor channel.
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 5 Fig. 5 Relative energies of the two different ferroelectric switching scenarios: (a) nonexpanding domains (independent switching) and (b) expanding domains. Schematics of the two switching scenarios are shown below. Figures adapted from 39and 43 .

  and43 .

  and engineering to meet these challengesThe key challenges in DW physics of HfO2 can be divided into theoretical and experimental challenges. Up until now, theoretical investigations are limited to neutral DWs having 180° and 90° DW angles. Considering the existence of complicated DWs in FE HfO2, including tilted DWs55 and charged DWs 130 in experiments, the family of topological DWs in HfO2 is expected to be much richer than what is currently known. In addition, due to the high computational cost, previous first-principles calculations are mostly relying on small systems no larger than 8 unit cells (~ 1 nm[START_REF] Das | [END_REF] 

Fig. 6

 6 Fig. 6 The phase diagram of HfO2:Y bulk single crystals with different Y concentrations and thermal histories identifies four main phases, including the room temperature monoclinic (m) P21/c phase, the high-temperature cubic (c) Fm-3m phases, the antipolar orthorhombic Pbca (o-AP) and the ferroelectric orthorhombic Pbc21 (o-FE) phases. The insets show corresponding transmission polarized-light microscope images taken on polished cross-section disks of the crystal rods. (a) represents the as-grown (rapidly cooled) single crystals, and (b) shows the 1600 o C annealed single crystals. As grown 12% HfO2:Y belongs to the pure o-FE phase. The color contrasts, and fine features correspond to distinct crisscrosses of tweed domains at the outer part and single orthorhombic domain at the center of the crystal boule. As-grown 8% HfO2:Y consists of the majority o-AP phase showing large 120 o -type twin features due to the presence of different choices of celldoubling. The mixed phases contribute to the complex color contrasts and local features in crystals after annealing.

  -controlled HfO2-and ZrO2-based films are known to exhibit excellent ferroelectricity/antiferroelectricity even at a nanometer scale thickness and have been actively studied as potential candidates for applications to next-generation FE/AFE devices, such as FeRAMs, FeFETs, ferroelectric tunnel junctions (FTJs), supercapacitors, etc. Many research studies revealed that the origin of FE and AFE behaviors is several metastable phases with o-, t-, or r-symmetries. In addition, it was demonstrated that the stability of this crystalline phase strongly depends on the chemical compositions (doping concentration, ionic radius, valence state, and oxygen vacancy) and the structural characterizations (thickness, grain size, thermal and epitaxial strains, film/substrate interface, crystallographic orientation, and layered structure) of the films. Research has also been done to address several challenges in electrical properties, such as high Ec, low fatigue cycles, and weak Pr. Most efforts have been pursued on the materials side. On the other hand, given the continued miniaturization of FE/AFE devices and the current trend towards nanoscale electronics, it is necessary to develop deposition techniques that can adequately control the above factors affecting phase stability in the nanoscale film thickness range.Metal-organic chemical vapor deposition (MOCVD) is still used today to produce high-k dielectric ultrathin films based on HfO2 and ZrO2. This is due to the good controllability of film composition and film thickness. In addition, MOCVD is suitable for uniform deposition not only on large-area Si wafer but also on substrates with three-dimensional shapes such as deep trench. This feature is very advantageous from the viewpoint of manufacturing next-generation FE/AFE devices. MOCVD is one of the effective approaches for designing HfO2-and ZrO2-based FEs/AFEs in the ultrathin region174,175 , but the understanding of the crystal growth science for realizing these films in MOCVD is still an open question. In addition, it must be thoroughly studied the deposition process to exploit the advantage of MOCVD. This section focuses on techniques for controlling the HfO2-and ZrO2-based FEs/AFEs via MOCVD, and some related research challenges are discussed below.

  Polakowski et al. reported a Pr value per projected area of 152 µC/cm 2 in TiN/Al:HfO2/TiN trench-type capacitor176 . Recently, FinFET with HfO2-based FEs has also been paid attention to as a three-dimensional capacitor. In the case of the fin field-effect transistor (FinFET), it is required to uniformly cover the elongated fin patterns with an ultrathin film.So far, the three-dimensional capacitors with HfO2-based FEs have been achieved only by ALD. Although MOCVD has great potential as a manufacturing technique for such capacitors, several challenges remain to be addressed. One is the formation of metastable

  With a detailed understanding of the fundamental factors such as deposition mechanism, growth phase diagram, process window, and pulsed system effect, MOCVD will give new avenues for next-generation FE/AFE devices equipped with HfO2-and ZrO2-based ultrathin films. techniques have been used for several years for manufacturing FE thin films because of their technical advantages in designing simple and versatile film-deposition processes. The term "chemical solution process (CSD)" include some different type of solution-based processes for thin film deposition, such as sol-gel utilizing hydrolysis and polycondensation of metal alkoxides, metal-organic decomposition (MOD) using resources

Fig. 7

 7 Fig. 7 Schematic image of chemical solution deposition. Process flows with non-capped (i.e., metallization after crystallization) and capped (i.e., metallization before crystallization) manners were shown, respectively.

  as for the circuit integration in miniaturized components (such as FE capacitors and FeFETs) and their circuit performances. The main targets of such research are nonvolatile memory devices, piezoelectric sensors/actuators, and their advanced combinations, i.e., piezoMEMS, for commercial use. Due to this R&D, several FE devices have been commercialized and are available in our daily life. The research has also yielded commercial-grade equipment and precursor solutions for the CSD of perovskite-type FE materials.

  formation behavior and FE properties. CSD be a good candidate as a combinatorial process based on chemical solution for material research on doped HfO2 to survey the optimized composition of multi-component films in which the chemical composition of the resulting

  has unique advantages (tunability of chemical composition, large-area deposition, process simplicity, cost, etc.) and problems (impurity, residual stress, step coverage, etc.), which are obviously different from those of the vapor deposition. Especially, R&D for multi-component HfO2 systems such as co-doped HfO2 ferroelectric films is one important role of the CSD process because it extends to other fluorite systems like multicomponent ZrO2 or CeO2 systems, which will contribute greatly to clarifying essential mechanism of ferroelectricity in fluorite systems. c. Pulsed laser depositon (Florencio Sánchez/Ignasi Fina)

Fig. 8

 8 Fig. 8 Color map of Pr as a function of argon (PAr) and oxygen (PO2) pressure for Hf0.5Zr0.5O2(111) films deposited under a mixed Ar/O2 atmosphere. Adapted from ref. 218 .

  , is almost unexplored in PLD films, and only the variation of the deposition temperature has been explored 201 . Very high polarization of about 50 µC/cm 2 has been measured in epitaxial Y:HfO2(111) films on LSMO/STO(110)60 , which is much higher than the 30-32 µC/cm 2 expected for pure orthorhombic films (111) oriented. It has been argued221 that the measured polarization could contain extrinsic contributions related to oxygen migration as visualized by STEM characterization 139 . On the other hand, epitaxial HZO(111) films on STO(110)209 or scandate 211 substrates or on STO(001) using low oxidation deposition conditions 218 are almost free of parasitic phases, and its polarization is around 30 µC/cm 2 .

  objective. In ferroelectric perovskites, the replacement of metallic electrodes by conducting oxides allowed a large reduction of fatigue 222 . HfO2-based full epitaxial oxide capacitorshave not yet been investigated. On the other hand, (111) oriented Hf0.5Zr0.5O2 epitaxial films show less fatigue223 and faster switching 224 with the presence of a m-phase than almost pure o-films. It would be of interest to evaluate fatigue and other functional films that have other orientations, as well as monocrystalline films (without crystal variants).

  11 cycles is limited by fatigue. Fatigue in full-oxide epitaxial capacitors remains to be investigated. Films hundreds of nanometers thick, grown at room temperature and crystallized by annealing, show high polarization. this robustness are not determined. Strain effects on the polarization of HfO2 are neither obvious nor discriminated from other factors. Advances in the fabrication of epitaxial membranes and stabilization of the ferroelectric phase on piezoelectric substrates could provide relevant information. RHEED-assisted PLD growth, rarely used to date for ferroelectric HfO2, could be used to grow highly homogeneous epitaxial orthorhombic films with the precise control of thickness needed in tunnel junctions and nanolaminates.

Fig. 9

 9 Fig. 9 Summary of current research and future challenges on the investigation of ferroelectric HfO2 films grown by pulsed laser deposition.

  become important. It is known that the reliability of FE HfO2 depends on the chemical, , and microstructural properties of HfO2 (e.g., crystallographic phase, grain size, defect, orientation), which are significantly affected by the ALD conditions. The uniformity in microstructural properties is even more important when the technology node reaches down to an atomic scale. It should be noted that in a 5 nm-thick HfO2 film, only 10 unit cells of the HfO2 crystal are stacked vertically. Thus, inhomogeneous film properties (e.g., high surface roughness, broad orientation distribution)

Fig. 10

 10 Fig. 10 (a) A general scheme of Atomic layer deposition (ALD) process for HfO2 using Hf(N(CH3)C2H5)4 (TEMAHf) as the Hf precursor and H2O as the reactant. Ligand refers to N(CH3)C2H5. (b) Comparison of conventional ALD process and discrete feeding (DF)-ALD process scheme (left) and the polarization-electric field hysteresis (right) of 6 nm thick Hf0.5Zr0.5O2 film sandwiched by TiN top and bottom electrodes, where the Hf0.5Zr0.5O2 films were deposited using conventional ALD (black curve) and DF-ALD (red curve). The hysteresis curve is reproduced from 247 under a CC by 2.0 license. (c) A process scheme of atomic layer etching consisting of fluorination (left) and ligand exchange (right) steps. Reproduced from 248 with permission. Copyright 2022, American Vacuum Society. (d) Giant tunneling electroresistance and lowered read voltage are observed for atomic layer etched Hf0.5Zr0.5O2 film with 6.2nm thickness. Reproduced from 249 with permission.Copyright 2022, American Institute of Physics.

  well-established ALD of HfO2 has enabled rapid advances in HfO2-based ferroelectrics, and it is known that the chemical and structural properties of FE HfO2 films are critically affected by the ALD conditions. There are several technical challenges, such as (1) accurate control of chemical composition, (2) deposition of uniform and adequatelytextured films with BEOL-compatible processes, and (3) high-quality interfaces at electrodes or semiconductors. Although these challenges persist even in the ~10 nm thickness regime, they will be more difficult due to the current trend of physical scalingdown and applications in 3D nanostructures. Thus, extensive research and development to resolve these issues are required to develop practical semiconductor devices based on ferroelectric HfO2. Development of new metal precursors, emerging ALD techniques such as discrete feeding DF-ALD, SNAP ALD, and AS-ALD, and various wet/dry surface treatment techniques 258 could be exemplary approaches.AcknowledgmentThis work was supported by the National Research Foundation (NRF) funded by the Korean Ministry of Science and ICT (Grant no. 2022M3F3A2A01073562, 2020R1C1C1008193, and 2021M3F3A2A02037889). We would like to thank Editage (www.editage.co.kr) for editing and reviewing this manuscript for English language.

  process shows several contributions compared to ALD, such as room temperature deposition, very low carbon contamination, non-equilibrium deposition, cost, possibility of growing the entire MFM stack inside the same system in one run, avoiding surface and interface air contamination. In comparison to ALD, it seems that it is possible to easily get the FE o-phase at lower dopant concentrations 168 . The authors claimed that the species intermixing is improved by sputtering. For all the publications, deposition by sputtering is performed at room temperature on TiN-buffered silicon and followed by a post-deposition annealing. Room temperature deposition enabled growth on different substrates, such as 2D semiconductor MoS2 265 . For the majority of articles on sputtering deposition, the post-

Fig. 11 GIXRD 67 Fig. 12

 116712 Fig. 11 GIXRD of low-pressure samples grown at 5x10 -3 mbar: as-deposited and annealed at different temperatures. Adapted from 276 .

  . Since the power may modify the film microstructure (strain, grain size, etc.), it will change the o-/m-phases : low power favored the m-phase when higher pressure leads to an increase in the fraction of the o-phase.

  (MBE) in ultra-high vacuum (UHV) relies on molecular flow, so it offers the possibility for thin film growth far from equilibrium, thus enabling the crystalline growth of metastable phases, which are difficult to obtain by equilibrium crystal growth (bulk or other) methodologies. As a UHV method, MBE offers excellent contamination control and in-situ surface preparation of crystalline substrates, which of chemically pure thin films. Due to UHV conditions, several surface characterization techniques such as RHEED/LEED, STM, XPS can be used to insitu monitor, in real-time, the interface and thin film surface ordering, the possible reaction at the interfaces, the stoichiometry and the thickness with atomic precision. Being essentially a PVD methodology, MBE does not require cumbersome and time-consuming precursor development, so it stands out as a flexible technique for fast screening and exploration of new materials, including FE HfO2.

Fig. 13

 13 Fig. 13 Typical Oxide MBE chamber used for the growth of HZO and HZO/TiN stacks.

Fig. 14

 14 Fig. 14 TiN/HZO/Ge MFS devices fabricated by PA-MBD, showing very small imprint and good reliability.

74 Fig. 15 Pyrochlore

 7415 Fig. 15 Pyrochlore La2Hf2O7 on Si(001) grown by PA-MBE, showing cub-on-cube epitaxy and sharp, clean interfaces.

  be a future target to grow epitaxial La2Zr2O7 on Si or other substrates by PA-MBE with the aim to obtain the ferroelectric state. It should be noted that amorphous LaHfOx (or Ladoped HfO2) has been adopted by key chip manufacturers to adjust the threshold voltage of

  deposition at low temperatures to produce amorphous HZO, followed by crystallization annealing to obtain the FE o-phase. Very good FE material has been produced on Ge substrates with clean interfaces and pure o-FE phase showing high Pr, with the minimum required wake-up in thick (10 nm) films. Ferroelectricity is maintained down to 5 nm with very good Pr, which however, is obtained after extensive field cycling. Functional p-channel FeFETs on Ge substrates have been realized. The biggest challenge at present is to use PA-MBE to produce epitaxial ferroelectrics mainly on Si substrates with expected enhanced ferroelectricity to enable integration with Si circuits. Possible metastable phases of Lacontaining Hafnium-and Zirconium-based oxides with the pyrochlore or fluorite structure are good candidates since their epitaxial growth has already been demonstrated and evidence of ferroelectricity in the Zr-based compound has been published. FE phase is crucial in harnessing ferroelectricity for stable device performance. The FE phase is reported to be obtained even from pure HfO2 and ZrO2 composition without intentionally doping. However, element doping is widely recognized to be very useful for the reproducible generation of FE phases. In fact, a huge volume of studies in terms of the ZrO2 ceramics, used as high-toughness ceramics and oxygen ion conductors, and high-k dielectric materials suggest that the doping element is quite effective for tuning the symmetry of fluorite oxides. A wide variety of dopant elements has

  For example, Batra et al. calculated a doping effect of a wide variety of elements to stabilize the FE phase for HfO2. The the ferroelectric o-phase is reduced by introducing the alkaline earth elements and rare earth elements that have been ascertained experimentally to obtain the FE phase. One of the fundamental issues of such a theoretical calculation approach is that the FE phase is generally not the most stable phase, namely, not the ground state. Other research groups have also reported similar results.Interestingly, Yang et al. reported a significant reduction in energy difference between the most stable m-phase and the FE o-phase by Si and La doping, which have the smallest and largest ionic radii within their study 293 . Wu et al. also reported the reduction of formation energy for the FE phase, together with the non-polar o-phase and the t-phase, by inducing Si 294 . They emphasize the importance of a kinetic mechanism for forming the ferroelectric phase from the t-phase by taking into account entropy. Thus, the dopants do not stabilize the FE phase alone, and other factors might aid it. Further development in a theoretical study is needed to understand doping effects fully.

  practical issues, enhancement in reliability, or reduction of Ec is desired.Advances in science and engineering to meet these challengesOne of the challenges of doping into HfO2 FEs is tuning and improving FE properties, particularly enhancing endurance properties and decreasing Ec. Recently,Kozodaev et al. reported that La doping into Hf0.5Zr0.5O2 improves endurance properties up to 10 11 cycles without the involvement of fatigue and hard breakdown 298 . Similarly, co-doping of rare earth elements (La and Y or La and Gd) into Hf0.5Zr0.5O2 enhances the endurance property.The latter study speculates that the local structural distortion of the lattice contributes to improved endurance 299 .

  Various dopants in HfO2 are effective in producing ferroelectricity. However, a total understanding of the doping effect has not been established yet. The kinetics during the process of forming the o-FE phase is crucial to clarify the doping effect. Advanced in experimental and theoretical studies, and their combination is needed. In particular, thick films and single crystals provide powerful tools to investigate the local structure of dopants.Recent studies regarding reduction in Ec and enhancement in endurance are interesting next steps beyond the studies aiming at preparing the FE phase. Data scientific methods such as machine learning and high-throughput experiments should be adapted for optimization of the dopants elements and concentration, including co-doped systems.b. Defect engineering (Nick Barrett)StatusThe successful integration of FE HfO2 into high-performance, ultra-low power CMOS compatible memory and logic depends not only on suitable material properties but also on engineering these properties in order to optimize device performance. Key performance indicators are imprint, wake-up, fatigue, and leakage, all of which are intimately linked to the material and device responses to field cycling and, more generally, to environmental and processing conditions.Atomic scale defects play a central role in determining not only the basic material properties but also their response to and evolution under electrical or thermal stress and field cycling. Defects can be generated during growth and by the formation of chemically interface layers. Their distribution may change during cycling, presenting new challenges in terms of real device performance.

  Initial oxygen vacancy distribution in as-processed hafnia layers can vary sharply over typical film thicknesses (~ 10 nm), providing a strong imprint field. This skews the polarization-field hysteresis loop and narrows the operational memory window by altering asymmetrically the threshold voltages. Uniformization of the defect distribution and defect recombination can significantly reduce the imprint during the wake-up process, as suggested by the model presented by Pesic et al.167 (panel (a)). Initial oxygen vacancy redistribution can give rise to a strong wake-up effect, opening the memory window. Field cycling into the fatigue regime results in a jump in oxygen vacancy density and a concomitant increase in leakage current determined by trap-assisted tunneling and closure of the memory window305 .Thermally stimulated depolarization current measurements have quantified activation energies for oxygen vacancy migration. The high values suggest that imprint may be due to

  photoelectron spectroscopy, on length scales similar to the typical hafnia film thickness, provides a handle to measure the concentration profile rather than just an average measurement over the film thickness. This is crucial information to be correlated with, for example, the evolution of imprint with field cycling. Depth sensitivity can be tuned by varying the photoemission take-off angle or the photoelectron kinetic energy. Photoelectron spectroscopy in the presence of a top electrode allows quantifying the polarization and field cycling dependence of the Schottky barrier height and hence the probability of leakage and charge injection (panel (c)). The latter can be a further factor in determining defect concentration 312 .

  X-rays at 9.25 keV) appears best adapted since the Ti spectra do not show interference in the core level region. The major advantage of these set-ups is the absence of lead-time, and their stability allows longer acquisition times made necessary by the lower flux compared to a synchrotron beamline 317 . The second major challenge concerns the spatial resolution on the scale of real devices and, ultimately, typical domain sizes. The latter is extremely challenging but state-of-the-art transmission electron microscopy (TEM) have demonstrated the role of electrode chemistry on the vacancy generation and kinetics 139 . However, TEM cannot provide reliable information on length scales ~ 0.1 -1.0 mm. Complementary techniques operating on different length scales must be developed. Photoemission electron microscopy (PEEM), providing decananometric spatial resolution in microscopic fields of view, allows, for example, characterization of ~ mm scale devices and has demonstrated the capacity to quantify oxygen vacancy concentration as a function of polarization state and cycling history 318 .

  HfO2-based devices are those created between: 1) the FE film and the top electrode, 2) the FE film and the substrate, and 3) additional interfaces formed within the HfO2 film, e.g. through superlattices or layering. FE HfO2 is often created as a MFM structure in which metallic electrodes are in contact with FE HfO2 at both top and bottom sides. Because most metals are strong reductants, an additional metal oxide layer at the interface of the MFM device is inevitably made, where the interfacial layer acts as an additional capacitance in series. Although this interfacial layer (or dead layer) can be detrimental to certain device properties, there can also be benefits to adding an intentional interfacial layer on the properties of the FE HfO2-based film, i.e. creating a Metal-Ferroelectric-Insulator-Metal/Semiconductor (MFIM/S) example, adding an oxide layer such as ZrO2 322 Al2O3 323 , TiO2 324 and La0.67Sr0.33MnO3 (LSMO) 211 below the FE HfO2 introduces the ability to alter the crystallization behavior, stabilization specific phases of HfO2, or promote texturing or epitaxial growth.

  challenge in engineering of TiN/HfO2 interfaces. Many researchers have employed strategies such as the use of interlayers to better stabilize the HfO2-electrode interface, i.e. creating MFIM/S structures. Recently,Zhao et al. modeled FE HfO2 interfaced with Al2O3, La2O3, SiO2, GeO2, and other oxides to better understand the electronic structure and the resulting asymmetric oxygen distribution-induced polarity 338 . Yadav et al. investigated the use of oxygen-deficient IrOx interlayers to reduce the interlayer formation and oxygen vacancies at the interface, which led to enhanced 2Pr and wake-up free behavior339 . Mizutani et al. used a cerium oxide capping layer on Y-doped HfO2 to increase the endurance limit from 10 7 to 10 10 cycles 340 . Mizutani et al. attributed the increased cycling endurance due to CeOx, which acts as a buffer layer that can absorb or supply O atoms during heat treatment and/or electric field cycling. Despite the potential benefits of interlayers, such as improved endurance and reduced leakage341,342 , a major challenge of layer in series with a FE is the resultant loss of retention in the device.Alcala et al. showed that a La2O3 interlayer in an HZO capacitor accelerated the retention degradation process due to the depolarization fields that arise from the dielectric interlayer343 . Future interfacial engineering strategies are aimed at considering device properties such as endurance, leakage, and reliability concurrently in concert with one another342 .Controlling the microstructure of HfO2 -based films poses a challenge for device scaling and integration, given that the grain size and crystal structure are strongly coupled in HfO2based films 344 . For example, Kim et al. inserted an additional 1-nm thick dielectric Al2O3 layer in the middle of a 40 nm thick HZO to control the grain size and obtained a Pr of 10 µC/cm 2 , which was 11 times larger than that of single HfO2 layer of equivalent thickness345 .Kim et al. suggested that by insertion of Al2O3 into the middle of HZO, it was possible to interrupt the grain growth and prevent the formation of the deleterious m-phase, which is favored at larger grain sizes. Process design will also inevitably influence the HZO/TiN interface characteristics where parameters such as the selection of oxygen source and dose times or the layering sequence in HZO films have been found to alter the local chemistry and structure of films. For example,Hsain et al. showed that a stronger oxidizer O2 plasma, compared to H2O, promoted a more pronounced TiOx interlayer between HfO2 and the electrode, which had a beneficial impact on improving the endurance of HZO capacitors346 . Walters et al. employed the use of a sequential O2-H2 plasma oxidation method which was shown to produce asymmetrical shifts in the coercive fields during retention measurements, likely due to the growth of additional interfaces of TiOxNy 347 . Hsain and Lee et al. also showed how pre-deposition vacuum breaking can increase the carbon concentration within HZO films and stabilize the t-phase 256 .

  . Zhao et al. further showed of ZrO2 and HfO2 using 10 s dose time of O2 plasma generated a high Pr of 25.5 µC/cm 2349 .

Graduate

  Research Fellowship Program (DGE-1746939). JLJ acknowledges support from the Laboratory Directed Research and Development program at Sandia National Laboratories, a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of Honeywell International Inc. for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525.d. Electrodes optimization (Mattias Borg)StatusTo electrically interact with HfO2-and/or ZrO2-based FEs, one requires some type of electrodes. From the most basic point of view, the electrodes provide the necessary

FeFETs

  and FTJs with a semiconductor contact are often of gradual shifts of threshold

  dielectric leads to voltage division and added depolarization field. Instead, a similar effect could be acquired through a diffusion-resistant metal. The elemental metals Pt and Pd are excellent diffusion barriers and are chemically inert. Pt top electrodes were successfully

  affect device variability. Consequently, it is of utmost importance to control and optimize the microstructure and reliability aspects for the device application.

Fig. 17

 17 Fig. 17 Transmission electron microscopy images of laminated structures. (a) shows a dielectric/ferroelectric heterostructure consisting of HfxZr1-xO2 and Al2O3. In (b), a superlattice of hafnia and zirconia can be observed. Figures reproduced with permission

  from: (a)362 , (b) 

  from the different physical properties of HfO2 and ZrO2 has been suggested as an explanation.

  . The models proposed herein, therefore, help to understand how modifications of individual the total response and allow therefore optimizing and altering of the ferroelectric response of dielectric/FE heterostructures.

Fig. 18

 18 Fig. 18 2Pr -dFE,HfO2 correlations for Y-doped HfO2 (YHO) and Hf0.5Zr0.5O2 (HZO) with different electrodes and thermal recipes. [x] denotes the reference number. In all cases, Pr exhibits a peak at dFE,HfO2 = 5 ~ 10 nm, and sharply decreases with the decrease in dFE,HfO2.

  is in the range of 5 -10 nm for all samples independent of different dopants, electrodes, or thermal treatments. Post-metallization-annealing (PMA) is better than post-deposition annealing (PDA) for obtaining improved FE properties, especially in the sub-10 nm region. Pr decreases sharply with the decrease in dFe,HfO2 below 5 nm in all cases. In contrast, it decreases gradually or remains flat with the increase in

  insertion of paraelectric layers to suppress the leakage current and to effectively lower the Ec by exploring the depolarization field may be a technical challenge for the use of ultrathin FE HfO2.

  a FeRAM is not new among emerging memory devices. In fact, the first iterations of this technology reached the market around the 1990s and employed perovskite structured PZT or layered perovskite SrBi2Ta2O9 (SBT) FE materials 375 . Unfortunately, the high thermal budget, hydrogen sensitivity and the unavailability of advanced deposition techniques for the complex perovskite materials resulted in this technology reaching a dead-end at the 130 nm process generation375,[START_REF] Rodriguez | IEEE 8th International Memory Workshop (IMW)[END_REF] . Ultimately, this drove the technology toward limited niche applications. That said, the discovery and development of ferroelectric doped HfO2 and HZO has brought a new wave of FeRAM developments that surpass the previous limits encountered with PZT and SBT and, therefore, has re-attracted attention among emerging memory devices 375 . The basic implementation of FeRAM technology consists in replacing the dielectric layer of the capacitor in a modified one transistor-one capacitor dynamic random-access memory (1T-1C DRAM) structure with a FE material and introducing a pulsed plate line, as shown in Fig. 21. The main goal is to have a similar performance and cell size to traditional be non-volatile and therefore finally realize a competitive nonvolatile RAM (NVRAM) technology. Regarding HZO in particular, most major memory companies are currently assumed to have some sort of HZO-based FeRAM development program. As shown in Table I, development has not yet reached DRAM levels with respect

  At the component level, the HZO-based ferroelectric capacitor of the 1T-1C structure is the most critical component since it is responsible for data storage, and the rest of the structure is a derivative of the already mature 1T-1C DRAM technology. Extensive literature regarding the optimization of said component indicates that the state-of-the-art of such a device is a capacitor with a roughly 8-10 nm thick HZO FE layer that has a Ec of about /cm, can obtain a 2Pr of around 40 µC/cm 2 , has a switching latency in the ns range

  form, a FeFET is essentially an ordinary field effect transistor where the gate oxide is replaced by a FE material, as shown in Fig. 21. When the polarization inside the ferroelectric gate oxide is switched with a voltage, it shifts the threshold voltage of the transistor. In an appropriately designed transistor, this shift in the threshold voltage could lead to orders of magnitude change in the drain current. In this way, two different states of the polarization translate to two different current levels for the transistor. The potential benefits of such a device are game-changing 391 . Unlike the other prominent memory devices like resistive random access memory (RRAM), phase change random access

  significant leakage, which is unprecedented, and show on/off ratios as large as 50. Thus, the advent of HfO2-based FEs represents a milestone towards the utilization of FTJs in integrated devices. The implications of this development are vast because FTJs are not only able to map the equilibrium polarization states into two-level resistance states of the device (TER effect), but they can also display non-volatile multilevel resistance arising from the partial switching of FE domains, giving rise to a ferroelectric memristor 411 .

  10 mV and superb retention and endurance 425 . A simulated neural network with the synaptic characteristics of these devices has shown recognition accuracy of 92% (in 36 epochs) for the MNIST database.

  .005), which is financed by the Dutch Research Council (NWO). d. Energy storage capacitors (José P. B. Silva)

114 Fig. 19

 11419 Fig. 19 Comparison of the energy storage performance obtained in FE HfO2 and ZrO2based thin film capacitors. ESD =energy storage density; EBD = dielectric breakdown field.

  the ESD by ∼50%, to ∼150-200 J cm -3 , while keeping an efficiency of ∼95%. To enhance ES performance, different strategies must be investigated. Moreover, to explore the full potential of the HfO2 and ZrO2-based capacitors for ES, the statistical breakdown strengths EBD via Weibull distribution fitting must be studied, which was not done yet.

  .8O2/Al2O3/Hf0.2Zr0.8O2 capacitors451 . A high ESD of 87.66 J cm -3 and efficiency of 68.6%, together with large breakdown strength of 5.5 MV cm -1 were achieved in the Hf0.2Zr0.8O2/Al2O3/Hf0.2Zr0.8O2 capacitors 451 . However, using this strategy, the ESD and efficiency are still far from those observed in samarium-doped bismuth ferrite-barium titanate films. More investigations need to be done to further enhance the ES performance of HfO2 and ZrO2-based capacitors.

  HfO2 and ZrO2-based capacitors enable next-generation pulsed power systems due to their superior material properties, allowing improved ES performance compared to commercial dielectric BOPP capacitors. Multiple strategies such as composition, doping, dead-layer engineering, and the use of negative-capacitance effects, among others, have successfully improved the ES performance of the devices. It is anticipated that a combination of these strategies will lead to further improvement in performance. To compete with other materials, such as RFE thin films, the ESD and efficiency need to be improved in terms of ES performance. Moreover, a better understanding of the ES performance at high frequencies and temperatures as well as the statistical breakdown strengths EBD via Weibull distribution fitting, is needed to evaluate the potential impact of the HfO2 and ZrO2-based capacitors in the ES sector. Finally, novel strategies are proposed to enhance the ES performance of the devices. (FCT) and France (CNRS) -2022/2023, and (iv) the European Union's Horizon 2020 research and innovation programme under grant agreement No 958174 (M-ERA-NET3/0003/2021 -NanOx4EStor). J. P. B. S. also thanks FCT for the contract under the Institutional Call to Scientific Employment Stimulus -2021 Call (CEECINST/00018/2021).e. Beyond memory application and Neuromorphic (Stefan Slesazeck)StatusRecently it became apparent that the conventional von-Neumann architecture has reached its limits in terms of performance and energy consumption due to the need for increasing data movement. Relief is found by combining computing and storage functionality locally within one structure. In this context, the three basic FE memory device concepts that utilize one of the most energy-efficient storage mechanisms -FE polarization switching -exhibit superior properties in terms of area and energy efficiency. The three-terminal FeFET with separate write and read terminals exhibit a tunable threshold voltage. It is programmed via its gate terminal, and the polarization state is read as drain-source current. Integrated together with conventional CMOS 452 FeFETs are the most versatile FE devices that add memory functionality in analog and digital circuits. The two-terminal ferroelectric tunneling junction (FTJ) features a polarization-dependent resistance. However, in these devices, both programming and read paths are combined. Thus FTJs are less flexible for circuit implementation. FTJs are very interesting for massive parallel operation due to their typical high impedance453 . In both device concepts, a read operation is ideally performed without affecting the polarization state. This is not the case for the third device: the FE capacitor (FeCAP). Read and write operations are combined by applying a switching pulse and measuring the resulting switching current. This makes them good candidates in regular array-like structures but restricts their application scenarios in neuromorphic circuits. In all three device concepts, the write operation is performed by applying an electric field to the ferroelectric layer that exceeds the coercive field. In a first-order approximation, the required switching energy depends linearly on switched polarization charge Ps (and thus linearly on device area) and the applied switching voltage Vs: E ~ Ps Vs. Thus, the switching energy of small-scaled FeFETs in the 10nm regime is smallest with typical ~10 pJ range on the device level, while device area scaling of FeCAP and FTJ is limited by the required reading charge or current, respectively, thus leading to typical switching energies in the range of ~1-100 fJ. The energy consumption of read operation for FeFET and FTJ depends strongly on the sensing concept, but for FeCAP equals the corresponding write energy.Obviously, the strong differences in the read operation have a major impact on the usability in various architectural concepts. Artificial neural networks (ANN) link input and output nodes via digital computing layers that perform matrix-vector multiplication (MVM) or multiply and accumulate (MAC) operation. Many hidden layers form deep neural networks (DNN). The digital "synaptic weight" storage and multiplication can be realized locally in near-memory-computing (NMC) or in-memory-computing (IMC) approaches to realize the combined logic and memory functionality in FeCAP or FeFET-based arrays[START_REF] Kazemi | [END_REF] . Devices characteristics are similar to NVMs, such as high cycling endurance, long data retention, and low switching voltages are targeted at. For analog weight storage and MAC operation, however, FeFET and FTJ-based circuit designs take advantage of Ohm's and Kirchhoff's

  382 and FeFET devices. However, high internal electric fields cause imprint resulting in a low opposite state retention 462 that still needs to be resolved especially for analog weight storage in FeCAPs. Same-state retention becomes more critical in FeFET and FTJ double-layer devices featuring larger depolarization fields. The situation might be relaxed for online networks, because the weights are continuously updated. Hence, from application point of view there is a trade-off between the endurance and data retention requirements.

  electrode and interface optimization and band engineering will be a key for success.

  Fig.20 Overview of standard electrical measurements for the three main ferroelectric device types(FeCAP, FTJ, FeFET).

  authors acknowledge funding by European Union's Horizon 2020 research and innovation program under grant agreement no 871737 (BeFerroSynaptic) b. Switching Voltages/Retention (Simon Martin/Laurent Grenouillet/Jean Coignus) Status Since the discovery of ferroelectricity in HfO2/ZrO2 materials, FE memories paradigm has changed, in particular for FeRAM, thanks to CMOS compatibility and scalability compared to perovskite-based FeRAM. Switching voltage/time and data retention are key parameters since they dictate the performance and reliability of the memory. The switching speed governs the latency of the memory, whereas low switching voltages allow better scalability and lower programming energy. Endurance performances are then a mixed consequence of the optimized voltage/time programming scheme. FEs are intrinsically fast in terms of switching, with a trade-off observed between switching speed Tagantsev et al. physically described this trade-off in the NLS model, 486, which overcame the KAI model 487 in polycrystalline ferroelectrics. Fast switching is at the expense of higher voltages: e.g. Lyu et al. demonstrated ultra-fast sub-ns switching on 15 nm HZO but with 9 V pulses 488 . This trade-off has recently been measured in 10 nm HZOand HSO-based single-scaled capacitors 489 in the form of switching efficiency maps demonstrating 2.5 V-operation capability at the ns scale. An important reliability feature for marketing a product is data retention. The reliability targets for 10-years data retention are 85 °C, 125 °C and 165 °C for general purpose, industrial and automotive applications, respectively. The physical understanding of retention loss is key for practical applications and future technology developments to improve those metrics. Both memory polarization states Pdown and Pup (encoding 0's and 1's) retention need to be clearly understood as different phenomena can occur and degrade the state stored in the FE capacitor. The same-state (SS) represents the non-switching state in FeRAM during read operation and the switching state, called opposite-state (OS), is the preferred metrics for evaluating data retention in FeRAM 490 . Thermal depolarization (TD) and imprint are the two main mechanisms identified for the retention degradation. The TD is an intrinsic property of the ferroelectric material: the Pr drops as the temperature rises up to the Curie temperature. This transition temperature, where ferroelectric material becomes non-polar (paraelectric phase), is high for HfO2-based films and bulk, typically >

  . The imprint provokes a decrease in the OS polarization and increases the Ec required to switch in OS. Excellent retention has been observed on single FE capacitors 10nm HSO at 125 °C during 1000 h 493 and at 85 °C during 10 years (extrapolated) 472 . At the array level, Lin et al. exhibit an extrapolation at 10 years at 85°C (10 nm HZO 1 kbit FeRAM) with a Pr at 76 % of the initial value (OS retention) 494 . Recently, 16kbit FeRAM HSO-based arrays have demonstrated their immunity to solder reflow process with no bit failures after 3 repeated sequences up to 260 °C (30 s) 377 . In terms of switching time/voltage, a compelling result was demonstrated in 2020 228 with the first demonstration of 64 kbit 1T-1C FeRAM arrays functionality, 10ns write speed, and 2.5 V operating voltage using 130 nm node.

  and/or ZrO2 -based FE materials in advanced technology nodes. The enhancements in terms of integration have been recently made with the fabrication of 3D FE capacitor instead of a planar capacitor to maximize the MW and the storage density. Another integration improvement is the thickness slimming of the FE films to reduce coercive voltages keeping ferroelectric properties with crystallization temperature compatible with BEOL. Moreover, the control of the oxygen content during the deposition of hafnia/zirconia films to limit the oxygen vacancies formation and stabilize the orthorhombic polar phase is a key parameter to improve the performances and the reliability in hafnia/zirconia-based FeRAM. All these technological progresses pave the way toward an integration of hafnia/zirconia-based FeRAM in advanced technology nodes.c. Endurance (Laura Bégon-Lours)StatusRemarkable efforts have been recently achieved for outperforming the endurance of HfO2based FE devices. On the one hand, the exploration of various materials and stacks led to the demonstration of devices pushing the maximal endurance limit, from 10 4 back in 2012 to 10 11 nowadays. Area scaling to small production-type capacitor structures could even enhance the endurance limit beyond 10 14 cycles 501 . Such metrics were demonstrated both in two-and three-terminals configurations. They show that FE devices are serious candidates for non-volatile memory application: in comparison, flash memories have an endurance of ~10 6 cycles, phase change materials memories 10 10 , valence change resistive memories can reach 10 12 cycles, and spin-transfer-torque magnetic memories up to 10 15 write/erase cycles. hand, studies combining materials sciences and electrical characterizations brought valuable knowledge on the control of endurance properties. Number or devices contain (on purpose or not) a dielectric layer at an interface with the FE, for example, SiO2

  synapses do not yet meet these requirements, and making compromises on the dynamic range to guarantee a large endurance is not always possible.

136 Tan

 136 et al. also reported an endurance exceeding 10 10 cycles in HZO films400 by 

Fig. 21

 21 Fig. 21 Endurance: materials and process control hafnia microstructure. As the device is cycled, the existing and newly generated defects redistribute in the layer, eventually leading to the breakdown.

  the understanding of the device's reliability. In a feedback loop, this knowledge guided the optimization of existing concepts and the creation of novel ones. As summarized in Fig.21, the knobs for improving reliability today rely on materials engineering, the growth and crystallization conditions, and the electrical mode of operation. Similarly to ferromagnetic tunnel junctions, FE devices could, in principle, rely on purely electronic effects without any ion motion, oxidoreductions or phase transitions.

  writing and storing. Today's charge-based non-volatile memories are far from delivering random access functionality and have re-write times at the higher end of the mentioned range, limited endurance, and require high write voltages in the range of 10-20 V. FEs have a voltage-driven switching mechanism and the energy barrier separating the two polarization states is reduced during switching. Therefore, they enable fast switching and non-volatile retention at low write voltages. As a consequence, already in the 1950s, the use proposed. Another unique aspect of FEs in non-volatile memories is the fact that three different readout schemes can be used that lead to three fundamental different memory cell concepts, namely a capacitor-based FeRAM, a FeFET, or a FTJ based FeRAM13 . The three concepts can serve different application requirements. The FeRAM concept is inspired by DRAM, the FeFET has strong similarities with chargebased transistor memories using floating gates or charge trapping layers as used in Flash memories, and finally, the FTJ is a type of resistive switching memory.

  many different demonstrations have been done in the last years522 . Two paths are taken. One tries to reduce the thickness of the FE into the range of direct tunneling, while the other adds an additional dielectric tunneling layer to at least partially decouple the optimization of the FE from the requirements of achieving a high tunneling current 479 . Two interesting paths have been recently shown for scaling the FE thickness. If the FE is deposited directly on silicon, also very thin films seem to show good FE properties412 . An alternative approach is to bring the film's optimum thickness into the FE phase and thin down the layer using atomic layer etching249 . In any case, as mentioned above, FTJs are still in a basic research state, and significant work is still required before such devices can be commercialized.Concluding remarksFE materials are ideally suited to realize non-volatile memory cells with very low write power. After some initial success, the field got stuck by the difficulty of integrating perovskites into a CMOS process. The discovery of ferroelectricity in CMOS-compatible HfO2 and mixed HfO2/ZrO2 has revised this field in the last ten years. Impressive demonstrations of both FeRAM and FeFET devices have shown that they can tackle different non-volatile memory use cases like non-volatile RAM, storage class memory, or low-cost embedded non-volatile memories, but for both technologies' reliability issues and for FeFETs variability issues still need to be solved to commercialize the technology.

Fig. 22 10 .

 2210 Fig. 22 Devices and possible application fields of ferroelectric devices based on hafnium oxide.

  -known that FeRAM based on perovskite FE materials such as PbZrxTi1-xO3 (PZT) has been successfully commercialized since early 2000, and the thickness scaling issue due to low coercive field in PZT fundamentally prevents FeRAM from being integrated at any advanced logic technology nodes 519 . Since then, not much progress is made in terms of scaling, and FeRAM is positioned only for small niche applications.However, recently, the research field of FeRAM has been re-vitalized due to the unexpected discovery on fluorite-structured HfO2-based FEs originated from meta-stable polar o-phase in 201153 . HfO2-based FE materials overcome the fundamental thickness scaling issues in perovskite FE materials while having low leakage due to a large bandgap.More importantly, HfO2 is CMOS-compatible as it has been used in the gate stack of stateof-art advanced logic transistors for more than 20 years. Among FE hafnia with different dopants, Hf1-xZrxO2 is particularly of interest mainly due to that (i) the thermal budget to crystalize the materials is BEOL compatible, and (ii) the dominant phase can be tuned from monoclinic, tetragonal, to orthorhombic phase through different Hf and Zr ratio 164 , making this capacitor-based FE memory as an active research topic among other emerging memory options.

  between FE capacitor and access transistor in a FeRAM cell and is typically implemented through voltage schemes such as high plate line (PL) and low bit line (BL).Even though HfO2-based AFE capacitors close to higher-level cache memory specs have been achieved, it is of great importance to further improve read and write speed as well as reduce the operation voltage while maintaining robust retention, endurance, and variation to make HfO2-based FeRAM a scalable memory option. More importantly, in addition to cell size scaling by making both access transistor and capacitor smaller, cost/density per bit in HfO2-based FeRAM can be significantly improved by vertically stacking capacitors, thanks to bits defined through one single lithography step 524 . Note that in this stackedcapacitors architecture, all the capacitors share the same bit line (BL) with individual plate lines (PL) controls, and therefore capacitors with strong read disturb immunity are the key elements to achieve such a high density with the right functionality 524 .In addition to FE or AFE capacitor-based memory cells, FeFETs, where the conventional high-k dielectric is replaced by FE oxide 526 , are also attractive as a high-density embedded memory solution, since the memory cell is composed of only one transistor, potentially achieving very high-density in its 3-dimensional (3-D) configurations. The bits stored in FE materials are converted to high and low source-to-drain currents for fast read operations.

  or diodes enable this option in the fast embedded memory space530 . TableIIsummarizes the pros and remaining challenges for different FE devices for high-speed and high-density embedded memory applications.Except for near-memory computing, where computing occurs close to fast and high-density embedded memory elements, direct computing in memory also provides another path for breakthroughs in computing efficiency 531 . FE capacitors, transistors, tunnel junctions, and diodes all can be utilized as critical multi-states non-volatile memory elements for functions such as dot product due to partial polarization or domain switching in HfO2-based FE materials. In general, multi-state FE memory devices with a tight distribution of each state with capability for linear potentiation and depression are desired for in-memory computing.Such functionality relies on precise controls in domain structures that remain challenging in scaled polycrystalline hafnia-based FE films prepared by industry-friendly processes such as ALD and ALE.The discovery of hafnia-based FE materials such as HZO opens plenty of opportunities to significantly improve future computing through integrating different types of FE memory devices into state-of-art advanced CMOS technologies. Consequently, having a comprehensive understanding of this class of materials as well as their interaction with either metals used as electrodes or the dielectrics used as at interfaces, becomes vitally important to address the current challenges and to overcome the current computing bottleneck and enable the breakthroughs in computing efficiency in the future. PLD and MBE thin film fabrication technology have been instrumental for the in-depth thin film research and characterization, while MOCVD, ALD, Sputter PVD and CSD technologies are favorable for high-volume manufacturing. Device architectures as well as device size, often put constrains on the choice for the film deposition technology. ALD hardware and technology advancements hold the most promise for 3D device stacking in a bit cost scalable architectures at this time.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Domain walls (Duk-Hyun Choe/Jinseong Heo) Status

  

	typeset.	
	and	
	has been copyedited	such as high-temperature superconductivity 128 , could enable entirely new applications for . Additionally, combining NC with other solid-state physics phenomena,
	once it	fluorite-structure FEs.
	this version	Concluding Remarks NC in fluorite-structure (anti)ferroelectric oxides is a promising phenomenon, especially
	different from	investigations. NC experiments could give new insights into the FE-switching behavior of for applications in nanoscale transistors as well as fundamental physical material
	be	fluorite-structure FEs. Recent progress in the experimental demonstration of stabilized NC
	of record will	However, more microscopic insight, both from theory and experiment, is needed to fully in ultrathin fluorite-structure oxides is encouraging for future transistor applications.
	However, the online version	understand the physical origin of NC in fluorite-structure oxides and to optimize NC device help of multi-domain modeling. Beyond transistors, NC seems promising e.g., for energy reduction of the EOT and SS is needed through material and device optimization with the microstructure needs further investigation. For nanoscale transistor applications, further design. In particular, the role of topological domain walls and the mixed-phase
	manuscript.	storage applications. Lastly, investigating NC in combination with other solid-state phenomena, such as quantum confinement or superconductivity, could enable entirely new
	author's peer reviewed, accepted	applications. crystals are usually divided into multiple domains of different polarities. Such domains can f. Although infinitely-large FE crystals prefer a single-domain state in principle, real FE
	the	
	is	
	This	

PLEASE CITE THIS ARTICLE AS DOI: occur

  spontaneously (for example, owing to defects and/or finite-size effects), and they can also be formed and engineered by the application of external fields. The boundaries separating these domains are called FE DWs. FE DWs not only play a central role in

	polarization switching, but they can lead to many emergent phenomena, including charged
	DW, DW conduction, and exotic topological textures (vortices, skyrmions, and
	merons) 129,3 . Therefore, understanding their structure, topology, and motion is of both
	fundamental and technological importance. In HfO2-based FEs, work on intrinsic properties
	of DWs and the mechanism of their dynamics is still in its infancy. This section briefly
	reviews the field of DW physics in HfO2-based FEs and provides an outlook based on the
	current and future challenges.
	Current and Future Challenges
	A number of interesting DWs can exist in HfO2-based FEs. Several types of DW structures
	in the common o-(Pca21) phase of FE HfO2 were identified using scanning transmission
	electron microcopy (STEM) analysis. Grimley et al. reported the first reliable observation
	of 90° DWs in ALD-grown Gd:HfO2 115 . Kiguchi et al. introduced and identified several
	types of atomically sharp 180° and 90° DWs as well as tilted DWs in epitaxial Y:HfO2 55 .
	Both studies, however, could not identify the exact sign of the domain polarizations. Using
	atomic-resolution STEM, Cheng et al. were able to distinguish the direction of the
	polarization in a mixture of Pca21 and Pbca phases of Zr:HfO2 56 , in which their phase
	boundary bears structural resemblance to the 180° DWs. Interestingly, a recent study by
	Zhou et al. identified a charged 90° DW having a tail-to-tail domain structure in
	Zr:HfO2 130 , which could affect the wake-up behavior in the polarization hysteresis
	depending on the orientation of the DW. The first systematical categorization of DWs in
	HfO2 was done by Ding et al. based on first principles calculations 42 . They established 10
	basic types of 180° and 90° DWs by considering the orientation and lattice vectors of the
	unit cell of the Pca21 phase of HfO2. It should be noted that the DW energy of the most
	stable 180° DW is calculated to be negative

  With this discovery, 28 nm technology node FeFET, 226 22 nm technology node ferroelectric fully depleted silicon-on-insulator (FDSOI), 227 and 64 kbit FeRAM were demonstrated.

228 

Such rapid advances in FE HfO2 are based on ALD. Notably, more than 85% (up to 2019) of the total publications focused on ferroelectric HfO2 are made by ALD.

229 

ALD is a deposition technique that is based on sequential, surface chemisorption reactions between substrates, metal precursors, and reactants, as shown in Fig.

  .

		Volatile		Non-volatile (FeRAM)
	Structure	6T (SRAM) 380	1T1C (DRAM) 381	1T1C 382, 383	1T1C 384, 385	1T1C 61
	Minimum Write Voltage [V]	~1.1	~1.1	2.0	2.5	0.6
	Write Latency [ns]	< 1	< 20	16	4	20
	Retention	-	32-64 ms	> 10 2 min @ 85°C	> 10 3 min @ 85°C	Not reported
	Endurance [cycles]	> 10 15	> 10 15	> 10 15	> 10 7	Not reported
	Array size	4 MB (L1)	16 Gbit	64 kbit	16 kbit	8 Gbit

  requires higher crystallization temperatures, which can hamper BEOL integration 496 . Also, reducing FE film thickness increases depolarization field 497 , which in turn has a detrimental on data retention. This illustrates the need to engineer the FE stack to overcome those

	typeset. and copyedited		current and future challenges. This engineering work necessitates significant theoretical simulations, coupled with advanced experimental growth and characterization works, in order to provide a robust understanding of HfO2/ZrO2 films. Advances in science and engineering to meet these challenges
	it been has once this version from different		Tahara et al. reported 4 nm-thick FE HZO in MFM structures with excellent FE properties 496 : a low voltage operation of 1.0 V is reported with coercive voltages below 0.5 V while keeping a satisfactory 2Pr value superior to 20 µC/cm². Excellent OS data retention requirement of 10 years at 85 °C is also demonstrated. For 10nm-thick HZO, crystallization is achievable at 400 °C anneal, while 4 nm HZO requires around 500 °C to crystallize in the o-phase. The increase in crystallization temperature with decreasing film thickness could be overcome in BEOL integration thanks to the nanosecond laser anneal (NLA),
	However, the online version of be will record manuscript. accepted reviewed,	DOI: AS ARTICLE THIS CITE PLEASE	. It contributes to imprint and accordingly limits data retention. The electrostatic drift associated with imprint may eventually cause sub-cycling behavior because of an incomplete switching: as a result, spontaneous back-switching of the polarization is expected to occur, resulting in retention loss. Finally, local depolarization of FE domains can also limit data retention if non-polar phases are present in the FE layer. Assessing the aforementioned challenges is mandatory to push further the introduction of HfO2/ZrO2-based ferroelectrics into advanced technological nodes, which requires to lower the operating voltage below 2.5 V. Due to the switching voltage/time tradeoff, this would imply longer switching times in order to avoid partial switching of the layer, the latter having a detrimental impact on the memory window (MW). To overcome this, FE films which is a promising way to locally rise the anneal temperature to reach o-phase crystallization while preserving BEOL integrity 498 . As previously discussed, the oxygen content in Hf/Zr-based films is crucial to get better reliability and performance. Mittmann et al. have recently performed oxygen content engineering in HZO films, highlighting that not enough oxygen favors t-phase while too much oxygen content advantages the m-phase formation during the film deposition. The optimization of this parameter is key to maximize the o-phase formation and to improve the reliability 499 . Increasing the MW would also help to minimize the OS retention loss in FeRAM. 3D FE capacitor integration seems highly suitable for advanced nodes as it favors the storage density thanks to the increase of FE capacitor electrical surface. Lin et al. reported the technological potential of a BEOL 3D FeRAM, which can be integrated in 3X-nm technology node 500 . 3D FE capacitors exhibit good performances with an endurance of 10 9 cycles, 2Pr around 18-20 µC/cm² and field operation at 2.2 MV/cm. Pr reaches in 1C-3D is
	peer		thinner than 10 nm are required to decrease to coercive voltages while keeping a complete
	author's		
	the		
	is		
	This		

bitcell switching. Using 8 nm HZO, Okuno et al. successfully demonstrated functional FeRAM memory operation down to 2 V at 16 ns 382 . However, reducing film thickness 78 % of equivalent Pr measured on a planar capacitor. Good reliability is also achieved with 10-years retention at 85 °C with 60 % of the initial Pr. At the circuit level, the bitline capacitance (CBL) reduction is another lever for improving MW since it affects the

  11 cycles 298 at 2.5 MV/cm, while maintaining a remanent polarization as high as 28 𝜇C/cm 2 , 75% of the maximal remanent polarisation obtained at 3.5 MV/cm. Skopin et al. Gd-doped hafnia 8.8 nm films 516 reached 10 10 cycles at 4 V, for a remanent polarisation reaching 33 𝜇C/cm 2 .The question of parasitic charge trapping is addressed in various ways. Both on stacks with or without oxide interlayers, the reliability of films grown or crystallized with different annealing techniques are studied, see for example a comparison for HZO/Ge films prepared with Rapid Thermal Annealing versus millisecond Flash Lamp Annealing 280 .Dutta et al. 

	recently demonstrated a low voltage, high-speed memory operation with high write
	endurance using an interlayer-free back-end-of-line (BEOL) compatible FeFET 402 . By
	gating an amorphous Indium Tungsten Oxide semiconductor channel with a 5 nm HZO
	film, they report a write voltage of only ±1.6 V with 20 ns pulses, read-after-write latency
	of only 300 ns (the absence of interlayer allows a faster de-trapping of charges) and a
	record high write endurance exceeding 10 11 cycles. In TiN/HZO/TiN capacitors, the bottom
	TiN interface is strongly oxidized during the growth of the hafnia layer. By combining it
	with a metal oxide bottom interlayer, robust synaptic weights with even thinner (<4 nm)
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devices must be solved in order to commercialize the technology. Besides that, these materials also show potential for supercapacitors, in-memory and neuromorphic computing.

We expect that FE HfO2 and ZrO2-based thin films reach the stage of the device's practical realization and industrialization in the following decade, providing valuable contributions to the global societal challenges.