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Abstract

:

The discovery of ferroelectricity in HfO2 thin film, which is compatible with the CMOS process, has revived interest in ferroelectric memory devices. HfO2 has been found to exhibit high ferroelectricity at a few nanometers thickness, and studies have rapidly progressed in the past decade. Ferroelectricity can be induced in HfO2 by various deposition methods and heat treatment processes. By combining ferroelectric materials with field-effect transistors, devices that combine logic and memory functions can be implemented. Ferroelectric HfO2-based devices show high potential, but there are some challenges to overcome in endurance and characterization. In this paper, we discuss the fabrication and characteristics of ferroelectric HfO2 film and various applications, including negative capacitance (NC)), Ferroelectric random-access memory (FeRAM), Ferroelectric tunnel junction (FTJ), and Ferroelectric Field-effect Transistor (FeFET).
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1. Introduction


With the increasing demand for AI technology, driven by the development of machine learning and deep learning, demand for computing power is also increasing [1]. However, there is a bottleneck in the von Neumann architecture still widely in use today, in that data cannot be processed and read simultaneously. This is due to the structure, where the storage space and computational space are separated. This bottleneck leads to low energy efficiency when processing large amounts of data. As an alternative to the von Neuman computer architecture, non-volatile memory (NVM) has been attracting attention, offering high energy efficiency, high densities, and merged logic-memory functionality. In addition, ferroelectrics are expected to be used as next-generation NVM devices because of their physical properties. Ferroelectric materials have two different remanent polarization states without an external electric field below the Curie temperature [2]. By taking advantage of these characteristics, a memory device can be made with a one transistor-one capacitor (1T-1C) structure that behaves like a 6T-SRAM, resulting in higher density [3,4]. Furthermore, ferroelectric devices can change their polarization state using voltage pulses to create multi-level current states, making them suitable for neuromorphic devices [5,6].



In the early days, ferroelectric devices were developed using perovskite materials such as Pb (Zr, Ti) O3 (PZT), BaTiO3 (BTO), and SrBi2Ta2O9 (SBT) [7,8]. However, to exhibit ferroelectricity, these perovskite materials require a relatively thick film (TFE > 100 nm) and have a relatively small energy bandgap of 3–4 eV, which is vulnerable to leakage current and electrical breakdown [8,9]. After the ferroelectric properties of Si-doped HfO2 thin films (which have excellent ferroelectricity even at thicknesses below 10 nm and a relatively large energy bandgap (Eg~5.7 eV)) were reported in 2011, many studies have actively reported using them [10,11]. HfO2 has already been used in high-k metal gate (HKMG) technology for logic transistors, and its compatibility and scalability with CMOS technology have supported its potential for ferroelectric devices in mass-produced semiconductor components. Accordingly, ferroelectric HfO2 based devices have been studied in various fields of application, including next-generation memory devices and logic devices such as FRAM [12,13,14], FTJ [15,16,17,18,19], and FeFET [20,21,22].



This review paper mainly discusses key points about the fabrication and applications of ferroelectric HfO2 films. For this purpose, in Section 2, we introduce the various deposition methods and annealing processes for fabricating ferroelectric HfO2 film. In Section 3, we present various measurements for analyzing ferroelectric HfO2 film. In Section 4, we will review the most representative application devices using ferroelectric HfO2 film: negative capacitance (NC), Ferroelectric random-access memory (FeRAM), Ferroelectric tunnel junction (FTJ), and Ferroelectric Field-effect Transistor (FeFET). We conclude in Section 5.




2. Fabrication of Ferroelectric HfO2 Film


Depending on process conditions, the properties of ferroelectric HfO2 film will differ, and this allows diverse device applications. The ferroelectricity in HfO2 arises from the metastable orthorhombic phase, which depends on the deposition method and heat treatment process. The metastable orthorhombic phase is typically generated from five roots: doping, oxygen vacancy, surface/interface/grain boundary energy, electrical field, and stress [23]. This makes it important to analyze the principles of deposition and heat treatment techniques to understand the HfO2 film. Deposition methods include atomic layer deposition (ALD—Section 2.1), physical vapor deposition (PVD—Section 2.2), pulsed laser deposition (PLD—Section 2.3), and chemical solution deposition (CSD—Section 2.3). Ferroelectricity is generally induced by the rapid thermal annealing (RTA) process and other heat sources after deposition (Section 2.4).



2.1. Atomic Layer Deposition (ALD)


ALD is a self-limiting growth method which forms a thin film based on the chemical reaction of a precursor and reactant molecules on the surface [24]. Because the atomic thickness can be precisely controlled, this provides advantages for three-dimensional (3D) structures in semiconductor device fabrication [21,25]. HfO2 films are also used in HKMG technology with mature ALD technology due to their high-k feature and low leakage current.



Various Hf precursors and oxygen sources, such as H2O, O2 plasma, and ozone are used for deposition of HfO2 film using ALD. In the case of an Hf Chloride precursor (HfCl4), high-temperature thermal ALD is possible due to its thermal stability, but corrosive by-products such as HCL and chlorine contamination can be induced. Cyclopentadienyl Hf precursors (Cp2HfMe2, (MeCp)2HfMe2, and (MeCp)2Hf(OMe)Me) have promising characteristics with good thermal stability and low impurity contamination, but the growth rate from cyclopentadienyl Hf precursors is lower than other Hf precursors. In general, alkylamides (e.g., alkoxide precursors (Hf(NetMe)4 and HF(NMe2)4)) show limited thermal stability of up to 250–300 °C, but show desirable properties with low impurity contamination and dense film, and thus are widely used to grow HfO2 films using thermal ALD and PEALD. In this respect, for tuning high-quality HfO2 films, precursor design and a well-established procedure are considered in the ALD process.



These HfO2 films have various phases: centrosymmetric structures (monoclinic (m-phase), tetragonal (t-phase), cubic (c-phase)) and a non-centrosymmetric structure (orthorhombic phase (o-phase)). In the centrosymmetric structures, the HfO2 film has dielectric properties, but when proper doping and annealing are used for the o-phase, it achieves a non-centrosymmetric meta-stable state and has ferroelectric properties [10] (Figure 1a). For example, dopants with various atomic radius can affect the bonding of metals and oxygen to induce a ferroelectric o-phase. Therefore, doping can help suppress monoclinic phase formation, which makes it difficult to transit to other phases of HfO2. In addition, the doping concentration should be sufficient to suppress the formation of monoclinic phases during the annealing process for crystallization. Too high doping concentrations make transition temperature and transition reaction to the orthorhombic phase difficult.



Various dopants such as Si, Al, Y, Gd, La, and Sr are used to induce ferroelectricity in ferroelectric HfO2 with ALD (Figure 1b) [26]. Groups below the crystal radius of Hf (<155 pm) (e.g., Si, Al, Zr) stabilize in the t-phase, and groups above the crystal radius of Hf (>155 pm) (e.g., Y, Gd, La, Sr) stabilize in the c-phase. HfO2, which has various phases depending on these dopants, becomes o-phase with ferroelectricity through an appropriate annealing process. (More details on the annealing process will be discussed in Section 2.4 below). Polarization of up to 50 μC/cm2 can be induced in these doped ferroelectric HfO2 films, and there is a suitable concentration range of dopants to form o-phases [27].



It has also been reported that the doping induced ferroelectricity of HfO2 can be increased more than tenfold when integrated into a 3D structure using ALD [25]. In addition, high density memory can be achieved with a 3D architecture and vertical integration because ALD provides excellent step coverage, in order to obtain uniform HfO2 thin film with a high aspect ratio structure compared to other PVD and CVD methods. However, ferroelectric HfO2 films made by ALD are polycrystalline and therefore have various non-ferroelectric phases [28,29].



In addition, it is difficult to achieve uniform ferroelectricity in very thin film. The disordered and polycrystalline oxide film causes various problems, with changing threshold voltage as well as the non-uniform doping [30]. These problems are challenges that remain to be solved by optimization of deposition techniques and by understanding ferroelectric mechanisms in HfO2 film.
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Figure 1. (a) A qualitative model of film conditions, crystal, and thermal budget [31] Copyright 2015, AIP Publishing LLC. (b) Remnant polarization of ferroelectric HfO2 film as a function of dopant content and doping concentration. Reproduced with permission [23]. Copyright 2019, Elsevier Ltd. 
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2.2. Sputtering


Sputtering is one of the PVD methods and forms a thin film by ejecting atoms from a target as accelerated plasma to collide at low pressure with a substrate. Unlike ALD, which has fewer deposition parameters, sputtering power, and atmosphere can be easily controlled, and thus it is widely used in research for forming ferroelectric HfO2 [24,32]. Olsen et al. first reported the ferroelectricity of sputtered HfO2 film by controlling the doping concentration of yttrium through the sputtering power of the Y2O3 target [33], and then Xu et al. induced ferroelectricity in HfO2 thin films by doping cations (e.g., Sc, Ge, Y, Zr, Nb) or an anion (N) at various doping concentrations by controlling sputter power [34]. Furthermore, it was reported that ferroelectric properties can be obtained from undoped HfO2 films by controlling oxygen flow during sputter deposition [35].



Sputtering has the advantages of high deposition rate due to the low-pressure deposition process, and having less binding to impure materials, such as C, N, or H, which affect the quality and polymorphism of the ferroelectric HfO2 thin films [36,37]. In addition, since the film can be grown at room temperature, it is expected to allow ferroelectric devices to be manufactured on flexible substrates with low thermal resistance [38,39]. However, high energy deposition can cause damage, and compared to ALD, it is more difficult to fabricate a 3D structure, and the many conditions used in deposition can be factors that make it difficult for various applications.




2.3. Pulsed Laser Deposition (PLD)


PLD is a method of forming a thin film by irradiating a strong pulsed laser beam onto a target, breaking the bonds of the target sample [40]. The plume generated by the reaction between the laser and the target reaches the surface of the substrate and forms a thin film (Figure 2). In general, PLD uses a KrF excimer laser with a wavelength of 248 nm and repetition rate of about several Hz. The thickness of the thin film can be controlled by the number of times the laser irradiation is repeated, and films with various crystallinity, from amorphous to polycrystalline, can be grown by controlling the conditions of the chamber and substrate. In particular, it is possible to form an epitaxial HfO2 film using PLD, which is the basis of research to understand the physical and structural properties of the grown ferroelectric HfO2 interface and crystal structure.



By providing nuclei with an appropriate lattice constant, such as yttria-stabilized zirconia (YSZ) and lanthanum strontium manganese oxide (LSMO), the epitaxial thin film HfO2 can be grown with an almost uniform direction under the environment of 600–1000 °C using heater and appropriate oxygen partial pressure in the chamber. By studying MFM structures with PLD-fabricated epitaxial HfO2, it was found that epitaxial HfO2 film has strong endurance, able to withstand 5 MV/cm, while Ec was 3–4 MV/cm [41,42]. While PLD has shortcomings, in that large-area deposition, it is difficult and particulates can occur, it also has the advantage of fabricating epitaxial thin film simply with various compositions. Therefore, using PLD can greatly contribute to understanding the structural and physical properties of HfO2. In addition, it is expected that fabricating devices based on epitaxial HfO2 will further understanding of ferroelectric HfO2 [16,43,44].




2.4. Chemical Solution Deposition (CSD)


CSD is a method of making oxide films through pyrolysis and the crystallization of precursors. Functional oxide films can be made using two pathways: sol-gel and metalloorganic deposition (MOD). The sol-gel method makes an oxide film with metal alkaline oxide using a hydrolysis and condensation process [45]. MOD is a method of making an oxide film without a condensation process after deposition using carboxylate and acetylacetonate educt [46].



Solutions dispensed via these two routes can be used to form an oxide thin film on the substrate by various coating methods (e.g., dip coating, spin coating, and spray coating) and can be prepared with various ratios of composition and dopant concentration [47,48,49,50,51,52,53,54,55,56,57,58,59]. Figure 3a shows a schematic of the workflow for preparing a sample by CSD. The solution dispensed on the substrate is subsequently thermal treated to crystallize it, by the evaporation of solvent and decomposition of the organic residues. When a ferroelectric HfO2 thin film was formed using Yttrium as a dopant with CSD, the Yttrium doping showed the highest remanent polarization, and the remanent polarization gradually decreased based on ionic radius, from the point showing the maximum polarization (Figure 3b) [55,56].



Ferroelectric HfO2 film made by CSD can be applied to NCFETs with improved on/off ratio and subthreshold swing (SS), demonstrating the potential of using solution processes to apply ferroelectric HfO2 to electronic devices [49,51,54]. However, compared to other deposition methods, it is not to precisely control the thin film and have good performance, but if a stable and homogeneous precursor solution can be produced through appropriate material selection, it is expected that rapid and simple deposition and environment-friendly device production will be possible [60].




2.5. Thermal Annealing


Most of the deposited HfO2 films have crystal seeds with an amorphous form of 2–3 nm diameter, and an annealing process is essential to induce a ferroelectric orthorhombic phase. Thermal annealing makes HfO2 film have thermodynamic stability at various temperatures in various phases. During the high-temperature annealing process, amorphous films are crystallized into various crystalline phases, transferring to monoclinic, tetragonal, and orthorhombic phases. In the process of thermal annealing, the crystallized film can be transformed into a ferroelectric orthorhombic phase.



Various annealing process can be used to induce ferroelectricity in HfO2 including RTA [58,61,62], furnace [49,63], hot plate [64], flash lamp [65], and laser [66,67] techniques. Among them, RTA is the most commonly used method for the crystallization of ferroelectric HfO2, and post-deposition annealing (PDA) and post-metallization annealing (PMA) can be used. Here, we note that PDA refers to a method of performing RTA without a TiN capping layer, and PMA refers to a method of performing RTA after depositing a TiN capping layer. The characteristics of HfO2 can also vary depending on the gas partial pressure, temperature rise rate, and annealing duration [58,61,62]. While a crystallization process through heat treatment is essential to induce ferroelectricity in HfO2, such heat treatment processes require a high temperature environment, and thus it is difficult to use with flexible substrates having low thermal resistance.



Because of this, studies on the formation of ferroelectric HfO2 thin film on PI films have reported poor physical and ferroelectric properties [64,68]. Recently, a mica substrate with high thermal resistance was used for flexible ferroelectric HfO2 film but had a problem with poor versatility [69]. Therefore, to employ ferroelectric HfO2 on a flexible device, it will be necessary to introduce a fundamentally low-temperature process. If new heat treatment methods, such as DUV irradiation (Figure 4a) [70], flash lamp [65], laser (Figure 4b) [66,67], etc., can be applied for low temperature processing, or the existing RTA technology can be made applicable at low temperature [71,72,73], it would open the door for ferroelectric HfO2-based flexible devices.





3. Analysis of Ferroelectric HfO2 Film


The P–V measurement is a representative method for confirming the presence of ferroelectricity and measuring the degree of polarization of a sample. Two types of stable polarization can be formed by domains using an external applied voltage, and physical switching variables such as remnant polarization (Pr) and coercive field (Ec) can be extracted from the measured P–V hysteresis curve [10,26,74]. However, in a film that is too thin, where the leakage current is greater than the polarization switching current, it is difficult to observe ferroelectricity in the thin film. In this case, the non-ferroelectric properties can be removed using the PUND method to extract the remnant polarization (Figure 5a) [75]. The PUND method measures polarization in the up state by applying two positive bias pulses and then two negative pulses to measure polarization in the down state (Figure 5b). The first positive pulse creates the polarization of the up state and the relaxed charge can be measured through the next positive pulse. After measuring with two positive pulses, the polarization of the down state is measured using two negative pulses.



Using the P–V measurement method, macroscopic switching characteristics can be measured, but the switching characteristics of nanoscale or local areas are difficult to measure. Piezoelectric force microscopy (PFM) can observe the changing piezoelectric effect on the surface by applying a single frequency AC field below the contact resistance frequency to the atomic force microscopy (AFM) tip. This is a way to measure microscopic polarization [26,67,76]; as shown in Figure 6, and a mixture of surface topography, amplitude, and phase can be obtained [77].



In addition to these electrical properties, structurally the ferroelectricity of HfO2 has its origin in the orthorhombic phase, which is a non-centrosymmetric structure. The peak (o-111) of the orthorhombic phase (about 2θ = 30.4°) can be checked with grazing incidence X-ray diffraction (GI-XRD), and the ferroelectricity of the HfO2 can also be confirmed by structural analysis (Figure 7a). Although the O-phase peak is difficult to distinguish from the Tetragonal peak, since ferro-genetic properties do not appear in the central symmetrical structure, an orthorhombic peak can be confirmed by comparing with the P–V characteristics. In addition to this analysis, XRD is a general technique for observing the structural properties of ferroelectric HfO2 thin films (such as aspect ratio, unit cell volume, phase ratio, and pristine Pr, etc.) (Figure 7b) [10,31,74,78,79].



STEM analysis helps to intuitively confirm the phase, phase transition, surface, thickness, and continuity of the ferroelectric HfO2 thin film [29,80,81]. Sang et al. directly confirmed the presence of an orthorhombic phase in a ferroelectric HfO2 thin film using STEM [81]. Furthermore, using STEM, it was found that abundant oxygen vacancies induce hysteresis pinching in non-uniform interfacial layers [29,80]. By redistributing the oxygen vacancies of a non-uniform interface through wake-up cycling, the internal bias fields can be reduced and the thin film can be made uniform. In addition, it was possible to directly observe the change from the m-phase to the o-phase at the interface during wake-up cycling using STEM (Figure 8) [80].




4. Application of Ferroelectric HfO2 Film


In this section, negative capacitor and memory devices such as FeRAM, FeFET, and FTJ using the aforementioned various characteristics of ferroelectric HfO2 are introduced. The NC characteristic of NCFETs can be used, where the ferroelectric layer is stacked for the gate insulating film of the FET in CMOS logic devices, and utilized for low power and fast device implementation (Section 4.1).



In addition, it is expected that polarization switching in the ferroelectric layer by external voltage can be used for ferroelectric memory, to store information in a low power and fast memory device, to replace the currently used DRAM or flash memory. Information about various ferroelectric memories is summarized in Table 1 below.



FeRAM has a 1T–1F structure and has destructive characteristics in the read process, but it can read and write faster than other NVM devices (Section 4.2). FTJ is a ferroelectric memory based on a change in resistance due to a change in tunneling barrier when switching the polarization state in an MFM structure (Section 4.3). Due to its non-destructive characteristics and simple structure, a high-density memory can be implemented, but there is a problem with endurance due to tunneling current.



Finally, FeFET, introduced in Section 4.4, combines a ferroelectric layer into the gate stack, so it can achieve higher integration than FeRAM in a device that functions as a memory through a change in threshold voltage, like a flash memory. The discovery of ferroelectricity in HfO2 thin films with non-volatile properties, suitable for such CMOS processes, has not only revived interest in non-volatile memory, but is also attracting attention as a powerful next-generation memory device.



4.1. Negative Capacitance (NC)


The very important discovery of NC in ferroelectric thin films can enable the realization of low-power CMOS logic devices, by exploiting the NC effect in ferroelectric gate FETs. The NC effect in ferroelectric materials occurs when the polarization state is changed by an external electric field passing through the NC region. The Landau–Ginzburg–Devonshire approach is the model for understanding this thermodynamic property in a ferroelectric material, and predicting NC. To explain the thermodynamic properties of ferroelectrics, Devonshire introduced a phase transformation thermodynamic equation based on Landau’s symmetry [83]. In particular, the Landau–Ginzburg equation was proposed by Ginzburg to express the thermodynamic state of a finite system such as a thin film, and the following Ginzburg–Devonshire equation is currently used to simulate the thermodynamic state of a ferroelectric thin film:


  α P + β  P 3  + δ  P 5  − ξ    ∂ 2  P   ∂  z 2    − η      ∂ 2  P   ∂  x 2    +    ∂ 2  P   ∂  y 2      = −   ∂ φ   ∂ z    



(1)







The Landau–Khalatnikov equation is a brief representation of a one-dimensional relationship, by application to a dynamic situation, as when the polarization of a ferroelectric capacitor is reversed [84]:


  U = α  P 2  + β  P 4  + γ  P 6  −  E  e x t   ·  P S   



(2)




when this Equation (2) is differentiated with respect to P, a relational expression for P-E in general ferroelectrics can be obtained (Figure 9a), which is expressed as the following equation:


   E  e x t   = 2 α P + 4 β  P 3  + 6 γ  P 5   



(3)







The region with a negative slope in the P–E curve is the region in the circuit that can work as a negative capacitor (Figure 9b). The ‘Boltzmann tyranny’ can be overcome by driving the device below 60 mV/dec with a steep SS using a negative capacitor. The SS of an FET is written as


  S S =   ∂  V G    ∂ log  I D    =     ∂  V G    ∂  ψ S          ∂  ψ S    ∂ log  I D       



(4)




where ψS is the surface potential of the FET channel, VG is the gate voltage, and ID is the drain current. The first term is called the body factor (m) and the second term corresponds to the transport mechanism. The body factor corresponds to


  m =   ∂  V G    ∂  ψ S    = 1 +    C S     C  O X      



(5)







For an FET with a general dielectric, the FET has an SS value of 60 mV/dec or more, which is the Boltzmann limit. Otherwise, the ferroelectric layer has a value of m to 1 or less due to the NC effect, which can be used to implement an FET with an SS of 60 mV/dec or less, enabling low-power, low-voltage driving. This NC effect cannot be observed in general ferroelectrics because it corresponds to the maximum value from the energy curve and is energetically unstable (Figure 9c). However, in 2008, Salahuddin reported that a ferroelectric capacitor exhibits an NC effect by stabilizing a region with a negative slope in the ferroelectric energy curve, and obtaining a higher value than the capacitance of the dielectric in which the total capacitance is stacked [85].
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Figure 9. (a) Comparison of LK equation and P-E curve in an actual experiment; (b) negative and positive slope region in the energy density function of a ferroelectric capacitor; and (c) Energy density function of a ferroelectric film; the A line is the unstable NC in a ferroelectric capacitor, the B line is a stable NC in a series capacitor with a ferroelectric and dielectric, and the C line is a dielectric capacitor. Reproduced with permission [86]. Copyright 2019, Springer Nature Limited. 
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Since then, studies have been conducted on devices with steep-slope characteristics using various ferroelectric materials (perovskite, PVDF, etc.), but they are difficult to apply to nanoscale processes and to Si-based CMOS processes. However, the suitability of ferroelectric HfO2 for CMOS processes has renewed interest in applying the NC effect to FETs. Many studies have been reported based on ferroelectric HfO2 film which apply a negative capacitor to MFIS-structured FET devices [87,88,89,90,91,92]. A device using the NC effect with an HfO2-based ferroelectric was implemented in 2014 [88], and FET experiment results with SS value of less than 60 mV/decade with various materials and structures using HfO2-based have been reported, using 2D channel materials such as MoS2 [54,90,91] and 3D device structures such as FinFET [89,92,93], GAA [94], etc.



Devices with little hysteresis have also been reported (Figure 10) [54,91] but still show results that depend on the measurement frequency. Therefore, there is a limit of it being difficult to explain results with the existing ferroelectric domain switching mechanism.



To develop NCFETs using ferroelectric HfO2, better understanding of the NCFET mechanism when applying the ferroelectric HfO2 polycrystalline film is required. Although creating ferroelectric properties on silicon at 1 nm scale has recently succeeded [77], it will be necessary to study uniformity before it can be applied to nanoscale high-density transistors, and to fabricate uniformly good ultra-thin ferroelectric HfO2 film (<5 nm). In addition, a standardized method is required that can measure electrical characteristics depending on voltage sweep range and speed.




4.2. Ferroelectric Randon Access Memory (FeRAM)


FeRAM is a memory device that stores information based on the characteristics of ferroelectricity and is considered one of the next generation non-volatile memories. Because spontaneous polarization can be induced by an external electric field, ferroelectric materials can have two stable polarization states (positive + Pr, negative – Pr), which can be expressed as logical binaries 0 and 1.



The idea for these ferroelectric memories was first proposed by MIT researchers in 1950 [95]. Since then, FeRAMs have been developed based on perovskite-based materials such as PZT, BTO, and SBT. However, perovskite ferroelectrics have a problem of disappearing polarization as thickness decreases, limiting their use in highly-integrated memory. For PZT, a thickness of at least 100 nm is required to obtain sufficient ferroelectricity, and PZT is not suitable for CMOS processes due to instability and contamination.



The discovery of ferroelectricity in HfO2 suitable for CMOS has revived interest in FeRAM. FeRAM based on ferroelectric HfO2 has a 1T-1C memory cell structure similar to DRAM (Figure 11a). FeRAM can be characterized by measuring switching current depending on polarization, which can be distinguished in a small area of 1/10 compared to DRAM. This reduces the energy required to detect memory states to 1/10, to implement low-power NVMs.



Furthermore, for high integration, 3D integration is required, and HfO2 can make a 3D structure capacitor with a high aspect ratio using the mature ALD technique (Figure 11b) [21,25]. Since FeRAM loses information in the read cycle, it is necessary to rewrite. Because of this destructive memory read-out process, the endurance of the ferroelectric layer (more than 1015) is very important. An optimized perovskite-based FeRAM is known to have an endurance of more than 1016 cycles [96], but unlike PZT, HfO2 has much lower durability (<1010) due to its high coercive field. The high coercive field of ferroelectric HfO2 needed to drive the FeRAM causes high stress, leading to breakdown. Recently studies using la-doped HZO have shown endurance up to 1011 cycles, but they still have low endurance compared to perovskite-based FeRAM [97,98]. In order to manufacture a highly durable HfO2-based FeRAM, it will be necessary to understand structural changes, defects, and internal physical mechanisms in the process.
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Figure 11. (a) Schematic of a 1T-1F FeRAM and cross section SEM image of an MFM capacitor integrated by BEOL process. Reproduced with permission [3]. Copyright 2020, IEEE. (b) ferroelectric HfO2 based high aspect ratio 3D 1T-1C FeRAM. Reproduced with permission [99]. Copyright 2013, IEEE. 
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4.3. Ferroelectric Tunnel Junction (FTJ)


FTJ is a memory device that uses a few nanometer thick ferroelectric film as a tunneling barrier and changes its resistance depending on its polarization. Unlike FeRAM, which requires rewriting when reading information, FTJ can read information non-destructively, and is also capable of reading and erasing information using very little energy and a few nanoseconds [100]. Esaki et al. first proposed an FTJ under the name ‘polar switch’ in 1970 [101]. However, a very thin film with ferroelectricity was not found, and an actual FTJ was not developed until the 2000s [102]. A successful FTJ using BaTiO3 was demonstrated in 2009 [103].



The ferroelectric layer operates as a memory by switching polarization by increasing (ON state) or lowering (Off state) the conductivity of the junction. The tunneling electroresistance (TER) effect is observed in the ferroelectric thin film as the height of the tunnel barrier changes according to the change in polarization. The TER effect occurs mainly through three mechanisms: Direct tunneling, FN tunneling, and thermal current. In Direct tunneling, electrons pass directly through a tunneling barrier. In FN tunneling, electrons pass between tunneling barriers due to an applied voltage and is a phenomenon that occurs in a relatively thick ferroelectric layer. Thermionic current occurs in a ferroelectric layer thick enough to sufficiently reduce direct tunneling:


  T E R = exp       2 m    ℏ    Δ φ     φ ¯     d    



(6)







The TER value is expressed in the following Equation (6), and it has a larger value in a thicker barrier. Therefore, in polarization switching, the FN tunneling mechanism results in a larger TER value than direct tunneling. However, it should be noted that the thick ferroelectric layer affects current density and stable and fast memory operation.



Ferroelectric HfO2 is more suitable for FTJ because it can easily form a thinner ferroelectric layer compared to perovskite. An HfO2-based FTJ made in this way can be applied to neuromorphic devices or memristors as NVM devices [104,105]. However, FTJ based on ferroelectric HfO2 have a small voltage margin when polarization is reversed due to the high Ec value (~1 MV/cm) which causes breakdown and lowers cycling endurance. In addition, high tunneling current that traps electrons can occur during operation. This electron trapping affects the barrier caused by remanent polarization, and lowers the LRS/HRS value. To solve this problem, an improved approach combining dielectric layers has been reported [106].




4.4. Ferroelectric Field-Effect Transistor (FeFET)


The idea to change the conductivity of semiconductor layers using ferroelectrics was proposed in 1957 [107]. In 1960, experimental results with FeFETs were reported, changing the threshold voltage of the FETs using a ferroelectric insulating film [108]. Since then, FeFETs have been extensively studied, with the development of perovskite materials and film growth, but perovskite FETs were not commercialized, even though they were proposed earlier than floating gate memory transistors, due to their many disadvantages when applied to silicon technology [109]. After the discovery of ferroelectric HfO2, the potential for CMOS-based FeFETs has stimulated renewed interest, given ferroelectric HfO2 compatibility with CMOS [6,20,21,22]. Furthermore, recently, ferroelectric HfO2 FeFETs have been demonstrated on 22 nm FDSOI technology using existing HKMG technology and mature ALD [20]. In addition, FeFETs have been applied to various applications, such as NVM, neuromorphic, and logic-in memory computing [110,111,112].



Similar to flash memory, the conductivity of the channel is changed by the polarization of the ferroelectric layer, to induce a low threshold voltage (LVT) or a high threshold voltage (HVT). Since the memory window is determined to be 2 × Ec × t (t is thickness), a high Ec value is required. HfO2 generally has an Ec value of 1 MV/cm, and assuming that the thickness is 5 nm, the achievable memory window is about 1 V. The high Ec value of HfO2 has great advantages for scaling and memory windows, but it brings disadvantages for retention and endurance.



The pulse voltage of the program/erase (PGM/ERS) process causes a strong electric field to be applied to the very thin HfO2 thin film, which reduces endurance. In addition, it is known that trapped charges appearing at the interface during the PGM and ERS processes reduce data retention [113,114]. However, even if the reduction of endurance at the interface is solved, this does not solve the fundamentally low endurance of 107, so new structure and methods must be introduced, such as the introduction of MFMIS structure or subloop driving. Obtaining a sufficient number of ferroelectric domains at very small scale will likely require the introduction of 3D structures.





5. Conclusions


The unexpected discovery of ferroelectricity in HfO2 has revived interest in non-volatile memory. Ferroelectric HfO2 can be fabricated by inducing an orthorhombic phase using various dopants and deposition methods. In order to obtain a uniform film on the entire surface, it seems that among various materials Zr is suitable for Hf doping because its atomic structure and atomic radius are similar. Since heat treatment is required in the crystallization process after deposition, there are limitations on the structure and application range of the device. If ferroelectricity can be derived through a low temperature process with various heat sources and pretreatment processes, it would be possible to apply ferroelectric HfO2 to various electronic devices such as flexible devices as well as to the BEOL process. Ferroelectric HfO2 can be analyzed using various measurements such as P–V loop, PFM XRD, and TEM, which can be the basis for improving endurance and performance as well as understanding physical characteristics.



Ferroelectric gated FETs with the NC effect enable low power CMOS logic devices. Ferroelectric HfO2 thin film is CMOS compatible and has been applied in sub-5 nm technology, so supply voltage can be lower than 0.5 V. The ‘Boltzmann tyranny’ can be overcome by driving the device below 60 mV/dec with a steep subthreshold swing. FeRAM has a very fast access time, and 10 ns can be realized. FTJ can be used as a multi-level brain-like device, as well as to improve understanding of the polarization switching mechanism. FeFETs can also be applied to non-volatile memory devices, if the characteristics and endurance of the film are sufficiently improved. An FeFET with a 1 T structure enables high-density integration, implementing the same functions as an existing 14 T CPU register and 6 T SRAM. Ferroelectrics do not allow a device with a simple memory function, but a multi-functional device can be used in various ways, such as NCFET, neurocomputing, in-memory computing, and analog computing. By applying FeFETs to high-performance, low-energy, high-density, and integrated logic devices, they are expected to be used as a next generation NVM device for AI computing and data processor.
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Figure 2. Schematic diagram of a PLD system. 
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Figure 3. (a) Workflow for sample preparation. Reproduced with permission. [54] Copyright 2021, Wiley-VCH. (b) remanent polarization depending on the ionic radius of various dopants [55]. Copyright 2017, The Royal Society of Chemistry. 
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Figure 4. (a) Schematic view of low temperature RTA annealing with DUV irradiation. Reproduced with permission [70]. Copyright 2021, American Chemical Society. (b) schematic view of laser irradiation on HZO film. Reproduced with permission [67]. Copyright 2021 Wiley-VCH. 






Figure 4. (a) Schematic view of low temperature RTA annealing with DUV irradiation. Reproduced with permission [70]. Copyright 2021, American Chemical Society. (b) schematic view of laser irradiation on HZO film. Reproduced with permission [67]. Copyright 2021 Wiley-VCH.



[image: Electronics 10 02759 g004]







[image: Electronics 10 02759 g005 550] 





Figure 5. (a) Example of P–V hysteresis obtained with the PUND method and (b) schematic diagram of electric field pulses in the PUND test. Reproduced with permission [75]. Copyright 2015, Elsevier Ltd. 
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Figure 6. PFM data with electric polarization switching: (a) phase-contrast PFM images of 1 nm ferroelectric HZO film and (b) phase-amplitude switching spectroscopy loops for a 1 nm ferroelectric HZO film. Reproduced with permission [77]. Copyright 2020, Springer Nature Limited. 
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Figure 7. (a) GI-XRD measurement depending on the fraction of Hf-Zr. Reproduced with permission. [74] Copyright 2012, American Chemical Society. (b) Aspect ratio and o-phase fraction plot for Si-, Al-, Gd-doped HfO2 film from XRD data. Reproduced with permission [78]. Copyright 2018, Wiley-VCH. 
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Figure 8. STEM images of ferroelectric HfO2 in Pristine, Wake-up, Fatigue: observation of the phase transition by cycling [29]. Copyright 2016, Wiley-VCH. 
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Figure 10. HZO MoS2 NC-FET: (a) Schematic view of a MoS2 NC-FET; (b) IDS-VGS characteristics of MoS2 NC-FET, and (c) the measured and simulated SS of the MoS2 NC-FET in forward and reverse sweeps. Reproduced with permission [91]. Copyright 2017, Springer Nature Limited. 
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Table 1. Summary of NVM devices based on HfO2 such as FeRAM, FeFET, and FTJ (BL: bitline, WL:wordline, PL: plateline, DE: dielectric layer, FE: Ferroelectric layer, n: n-type semiconductor, p: p-type semiconductor), data from [82].
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	Type
	FeRAM
	FeFET
	FTJ





	Structure
	 [image: Electronics 10 02759 i001]
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	Electrical Characteristics
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	 [image: Electronics 10 02759 i005]
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	Read
	Destructive
	Non-destructive
	Non-destructive



	Energy/bi
	~100 fJ
	~10 fJ
	~1 pJ



	Endurance
	>1012
	>1010
	>107



	Cell size
	30–40 F2
	10–30 F2
	4–8 F2



	Cell structure
	1 T–1 F
	1 T
	1 F
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