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ABSTRACT 

Since the first report of ferroelectricity in fluorite structure oxides a decade ago, significant 

attention has been devoted to studying hafnia-based ferroelectric material systems due to their 

promising properties and opportunities. To achieve such ferroelectric fluorite structure oxides at 

low temperatures (below 400 °C), stabilizing the metastable non-centrosymmetric orthorhombic 

phase is crucial. This review provides a comprehensive overview of atomic layer deposition 

(ALD) techniques for obtaining the orthorhombic phase for low-temperature ferroelectric 

applications. We discuss optimization of ALD process for synthesizing high-quality, low-

temperature crystallizing ferroelectric films, including doping, precursor and oxygen source 

selection, deposition temperature, and interface engineering. In addition, the techniques for 

stabilizing the ferroelectric phase by regulating the thermal budget and stress with various 

annealing methods and stressors are discussed. The review focuses on different techniques to 

reduce the thermal budget required to acquire ferroelectricity, making hafnia-based ferroelectric 

materials compatible with back-end-of-line and three-dimensional integration for a variety of 

future applications, including flexible electronics applications. 
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1. INTRODUCTION 

Hafnium oxide (HfO2) is a widely used high-k dielectric material replacing silicon oxide 

owing to its high dielectric constant and wide bandgap. While continuing on the improvement of 

the dielectric constant, Böscke et al. were the first to discover the ferroelectricity of HfO2 in 

2011.1 The discovery of ferroelectric HfO2 has revolutionized ferroelectric technology because 

of its compatibility with complementary metal-oxide-semiconductor (CMOS) technology as well 

as scalability. After that, significant efforts have been devoted to understand the underlying 

physical mechanisms. Both theoretical and experimental studies have found that the ferroelectric 

properties of HfO2 are attributable to the noncentrosymmetric orthorhombic phase (o-phase, 

space group: Pca21).
1–4 As shown by additional research, controlling the film thickness, grain 

size, doping, interface, and vacancy, among other factors, can stabilize the o-phase.1,5–8 Over the 

years, the development of HfO2-base materials has facilitated a vast array of innovative research 

and applications for energy storage and harvesting, low-energy neuromorphic computing, and 

logic and memory devices to name a few.9 In particular, ferroelectric HfO2-based non-volatile 

memories such as ferroelectric tunnel junction (FTJ), ferroelectric field effect transistor (FeFET), 

and ferroelectric random access memory (FRAM), exhibited great potential by providing faster 

writing speeds, longer lifetimes, and lower power consumption than charge trap-based flash 

memory applications.10–13 

As electronic devices continue to downscale, the limitations of conventional perovskite-based 

FRAM (e.g., lead zirconium titanate (PZT), barium titanate (BaTiO3)) have become more 

apparent, such as high leakage current under 50 nm. In contrast, HfO2-based ferroelectrics have 

demonstrated robust ferroelectricity and minimum leakage current even when scaled below 10 

nm, thanks to their wide bandgap (>5.1 eV).14–18 To achieve nanometer-scale film thickness 
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required for such HfO2-based devices, vapor-phase deposition techniques, like atomic layer 

deposition (ALD), is the conventional technique used in the industry. The deposition method 

offers distinct advantages over physical vapor deposition (PVD) and chemical solution 

deposition (CSD) processes in terms of precise control of film thickness at the atomic level, 

exceptional step coverage over complex features, and the ability to produce highly uniform and 

conformal thin films across the entire wafer.19 Besides difficulties in thickness scaling, PVD and 

CSD tend to deliver crystalline HfO2-based thin films that exhibit paraelectric monoclinic phase 

(m-phase),7,20 which is generally unsuitable for back-end-of-line (BEOL) process because of the 

need for a subsequent high-temperature annealing step to transform the m- to tetragonal- (t-) or 

o-phase.18 Although the deposition parameters of PVD and CSD could be controlled to fit 

BEOL-compatible temperatures, it is still challenging to achieve robust ferroelectric properties 

that are comparable to those of ALD HfO2-based thin films at the same thermal budget.21 This 

makes ALD HfO2-based ferroelectrics an ideal material for high-density three-dimensional (3D) 

memory applications since they exhibit better electrical properties in comparison to Pb-

perovskite-based materials at nanometer scale and is BEOL-compatible.22 

In addition to scalability and 3D compatibility, ALD HfO2-based materials offer another 

advantage in terms of low thermal budget. This means that the ferroelectricity of HfO2-based 

materials, particularly when HfO2 is alloyed with zirconium oxide (ZrO2), can be achieved at 

temperatures below 400 °C––i.e., below the upper limit that an underlying CMOS device layer 

can withstand––by carefully controlling the ALD process and annealing parameters. Such low-

temperature ferroelectric was made possible by the fact that these oxides share the same crystal 

structure, allowing them to form a complete solid solution.18,23 The solid solution formation 

between ZrO2 and HfO2 results in a lower crystallization temperature than pure HfO2, enabling 
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lower o-phase crystallization temperature, while allowing for a controlled transition from 

ferroelectric to antiferroelectric characteristics by controlling the Hf and Zr composition.9,10,18,20 

Owing to such facile control of properties and the availability of precursors for HfO2 and ZrO2 

ALD, HfxZr1-xO2 systems, particularly Hf0.5Zr0.5O2 (HZO) with robust ferroelectric properties, 

have been the most extensively studied HfO2-based ferroelectrics. To demonstrate the strategies 

for low-temperature ferroelectric applications, this review concentrates on the HfO2-ZrO2 solid 

solution system, particularly HZO systems deposited via ALD. 

Besides dopant, numerous additional factors (e.g., metal precursors, oxidation sources, ALD 

temperature, stressors, etc.) can influence the thermal budget to lower the crystallization 

temperature of ferroelectric o-phase of ALD Hf-based materials below 400 °C,10,22  as shown in 

Figure 1. A typical ferroelectric capacitor fabrication process for characterizing ferroelectric 

properties involves depositing a sandwiched HZO structure between the top and bottom 

electrodes on an insulating or semiconducting substrate. Extensive research has also 

demonstrated the crucial role of top and bottom electrode stressors in achieving robust 

ferroelectric properties with a limited thermal budget. Since the ferroelectric o-phase is a 

metastable phase at low temperatures and atmospheric pressure environment, applying stress to 

stabilize the o-phase is necessary. Without these stressors, the HZO film will crystallize to a 

more thermodynamically stable paraelectric monoclinic phase (m-phase).10,22,24 The stronger 

stress generated by the top and bottom electrodes sandwiching the HZO layer results in a higher 

stabilization o-phase, enabling a higher o/m-phase ratio with the same thermal budget and 

potentially lowering the process temperature. Furthermore, the crystallization temperature of 

HZO and formation of o-phase also depend on thermal annealing time and the annealing 

environment (e.g., chamber pressure, etc.).25,26 These process variables enable the integration of 
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low-temperature ferroelectrics with BEOL processes across a broad range of applications such as 

FRAM, FTJ, and metal-ferroelectric-metal-insulator-semiconductor-based (1T1C) FeFET, 

resulting in larger effective areas without changing the front-end-of-line configuration.11,13,27 

Overall, by combining these methods with others that will be introduced, it is possible to not 

only achieve BEOL compatibility but also reduce the process temperature and make the 

technology suitable for monolithic 3D integration and flexible electronic applications. 

Herein, we report a comprehensive review of process strategies to achieve HZO ferroelectric 

thin films based on ALD techniques. The strategies focus on process variables that enable the 

reproducible and dominant delivery of the metastable ferroelectric o-phase while reducing the 

thermal budget. The report discusses the factors that affect the process, including doping, 

precursor and oxidant selection, plasma effect, interface modification, stress control, and 

different annealing methods, all of which can impact the thermal budget.10,18,22,28 Each factor will 

be discussed and categorized into two major strategies for achieving lower thermal budget 

ferroelectrics: improving film quality through densification to crystallize at lower temperatures 

and strain control to promote o-phase formation and maximize the o-phase ratio with a limited 

thermal budget. The reasoning behind the low-temperature crystallization of HZO will also be 

discussed. This comprehensive review is expected to provide new insights and reasonings for a 

better understanding of low-temperature ferroelectrics. 

Figure 1. 

2. ATOMIC LAYER DEPOSITION 

As previously discussed, PVD (e.g., sputter, pulsed laser deposition (PLD), etc.), CSD, and 

ALD are various techniques that can be employed to achieve ferroelectrics HfO2-based materials. 
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However, with the downscaling of devices and the need for BEOL compatibility, ALD has been 

shown to be the most suitable approach, as it allows for the formation of dense amorphous HZO 

thin films, depending on the selection of metal precursors and oxidant sources. Such dense 

amorphous phases, with appropriate local order, can be readily transformed to o-phase by low-

temperature annealing processing (< 400 °C). 18,29,30 In contrast, PVD-based and CSD-based thin 

films do not exhibit similar characteristics to ALD-based HZO (e.g., chemically homogeneous, 

short-range ordered metal and oxygen atoms, etc.), and therefore, phase transformation at BEOL 

compatible temperature cannot occur easily.31 

During a typical ALD process of HZO, Hf-precursor molecules are adsorbed onto the 

substrate surface in a self-limiting manner, followed by their reaction with subsequent oxidant. 

Zr-precursor is then introduced into the reactant chamber and reacts with the available reactive 

sites. Afterward, an oxidant exposure step is followed. This sequential process generates new 

reaction sites for further ALD cycles, enabling precise control over the thickness and 

composition of HZO thin films. However, for these surface reactions to occur efficiently, a 

specific range of temperatures, also known as the ALD window, is required. Deposition at 

temperatures below the minimum of the ALD window can lead to poor surface reactivity or 

precursor condensation, while deposition at temperatures above the ALD window can result in 

precursor decomposition or desorption from the surface. For example, in order to deposit HfO2 

thin film using ALD, Hf precursor, and oxygen sources that are stable and compatible with the 

targeted ALD temperature range need to be carefully chosen. Additionally, specific Hf 

precursors with different ligands can be chosen depending on the desired growth rate and to 

avoid contamination, as the surface reaction depends on the precursor's chemical properties, such 

as steric hindrance and reactivity.32,33 Likewise, different oxygen sources may be selected to 



 

 8 

deliver desired growth rates, densities, and more, utilizing various reaction mechanisms such as 

ligand exchange reaction of water (H2O) and combustion reaction of ozone (O3) and oxygen (O2) 

plasma.18,31,34,35 Thus, selecting appropriate precursors and oxidants to achieve desirable film 

properties is critical in ALD. 

This section will explore recently reported process variables (e.g., dopants, metal precursors, 

oxidant sources, etc.) of ALD HZO that can be adjusted to achieve a low thermal budget 

ferroelectric o-phase. Table 1 provides detailed information about these process variables and 

their impact on ferroelectric characteristics such as remnant polarization (Pr), coercive field (Ec), 

and endurance, as reported in recent literature. Section 2.1 will provide a brief overview of the 

effects of dopants, other than Zr, in HfO2-based ferroelectrics, while sections 2.2 and 2.3 will 

cover the selection of metal precursors and oxidants, respectively. 

Table 1. 

2.1 Dopant selection 

Achieving ferroelectric properties in pure HfO2 can be accomplished by optimizing deposition 

temperature and oxidant dose, according to recent studies.36–39 Materano et al. found that 

insufficient oxygen can promote the formation of the ferroelectric o-phase, which was 

corroborated by Pal et al.37,38 In addition, Kim et al. and Polakowshi et al. demonstrated that 

grain size could be controlled to achieve ferroelectric HfO2 by varying the deposition 

temperature and thickness, with the smaller grain size exhibiting a higher o-phase ratio and 

Pr.
36,39 However, small Pr and high annealing temperature requirements limit the use of pure 

HfO2 as a low thermal budget ferroelectric material, and the need to reduce the process 

temperature necessitated the addition of dopants to aid in the formation of ferroelectric o-phase. 
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With additional dopants, the overall crystallization temperature of HZO can be controlled. 

Batra et al. proposed that the lattice distortion caused by dopants can reduce the free energy of 

the o-phase, making its formation easier due to smaller energy differences with the stable m-

phase. In addition, Batra et al. demonstrated first-principle calculations of 40 dopants to select 

dopants that can assist in stabilizing the polar phase of HfO2.
40 These dopants can be 

incorporated into HfO2 using metal-organic precursors for ALD. As previously mentioned, 

during the deposition of HfO2 via ALD, the dopant precursors can be introduced as a full cycle 

with precursor and oxidant exposure between the HfO2 deposition cycles. The amount of dopant 

can be controlled by changing the number of dopant cycles inserted into the HfO2 deposition 

cycles, resulting in a supercycle, which is a repeating cycle of HfO2 and dopants cycles.34 

Numerous researchers have employed this ALD doping technique to achieve ferroelectricity in 

HfO2 using various dopants, including Al,41,42 Si,42–44 Y,45 La,42,46 Sr,47,48 Gd,47 and Zr25,29,38,49–70. 

Doping HfO2 with Gd, Sr, La, Y, and Zr showed an improvement in 2Pr values compared to pure 

HfO2, as demonstrated in Figure 2a, satisfying the minimum switching charge density 

requirement (24.0 μC/cm2) for FRAM applications according to International Roadmap for 

Devices and Systems.71 Moreover, the presence of Gd and Zr as dopants in HfO2 also helped 

achieve ferroelectricity at temperatures compatible with the BEOL process (< 450 °C). Overall, 

Zr doping showed the lowest processing temperature (< 400 °C) to obtain ferroelectricity 

compared to other dopants, making Zr-doped HfO2 an ideal material for low-temperature 

ferroelectric applications. These low-temperature ferroelectric properties by doping Zr originated 

from the relatively low-temperature crystallization temperature of ALD ZrO2 compared to other 

oxide materials.9,72 As previously stated, ZrO2 and HfO2 can form a solid solution for a wide 

range of concentrations, with higher Zr concentration leading to lower crystallization 
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temperature.18,23,72 Furthermore, the t-phase present in ALD ZrO2 helps suppress the formation of 

the m-phase in HfO2 while also stabilizing the ferroelectric o-phase by lowering the free energy.3 

Kim et al. and Oh et al. showed the evolution of ferroelectric properties of HZO by changing the 

Zr content with thermal ALD (TALD) at BEOL compatible temperature.9,61 The results indicated 

that pure HfO2 remained amorphous state after annealing due to the high crystallization 

temperature, exhibiting paraelectric properties. By introducing higher levels of Zr doping, the 

film crystallized at a temperature compatible with BEOL requirements and exhibited 

ferroelectric properties. Notably, the maximum polarization was achieved at a Zr atomic ratio of 

0.5. Further Zr doping led to the emergence of antiferroelectric characteristics. Moreover, Hsain 

et al. conducted a study on phase evolution and crystallization temperature in relation to the 

HfO2-ZrO2 ratio using high-temperature in-situ X-ray diffraction.72 According to their findings, 

pure HfO2 exhibited crystallization around 386 °C. However, as the proportion of ZrO2 increased, 

the crystallization temperature decreased to 300 °C. Interestingly, in films with a higher HfO2 

ratio, crystallization took place to the m-phase. However, as the ZrO2 content increased, the 

proportion of the m-phase diminished, giving rise to the development of t- and o-phases which is 

favorable for achieving improved ferroelectric properties. This demonstrates the impact of ZrO2 

in reducing the crystallization temperature of HZO films. Furthermore, the substantial solubility 

and wide concentration range of ZrO2 in HfO2 to have ferroelectricity allow easier uniformity 

control of ferroelectric properties across the wafer.22 These advantages facilitate the adoption of 

ferroelectric HZO in industry and BEOL applications, making HZO one of the most intensively 

researched ferroelectric material systems.10 

2.2 Precursor selection 
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ALD films utilize metal precursors that are metal elements converted into vapor phases by 

introducing inorganic (e.g., halides, etc.) and organic ligands (e.g., hydrocarbon, amine, etc.). 

Because each ligand has a unique chemical composition, bond strength between metals, and 

physical shape, each metal precursor has distinct properties that can be utilized for a variety of 

ALD process requirements. Thus, the properties of the precursors must be considered to fit the 

ALD system configuration and desired process parameters, such as deposition temperature, 

pressure, growth rate, reactivity with the oxidant source, contamination from precursor ligands, 

and more.34 Therefore, for low-temperature applications, precursors with ALD windows around 

BEOL-compatible temperatures must be utilized for self-limiting ALD reactions, as opposed to 

condensation or no reaction. As shown in Table 1, a variety of precursors, such as hafnium 

tetrachloride (HfCl4),
36,47,48,62,63 tetrakis(ethylmethylamido)hafnium (TEMA-Hf),38,39,41,42,44–46,54–

58,64 tetrakis(dimethylamido)hafnium (TDMA-Hf),25,29,37,43,49–53,64–69 

cyclopentadienyltris(dimethylamino)hafnium (CpHf), 59–61 and more, were used to deposit 

ferroelectric HfO2 via ALD. For the deposition of HZO, similar chemicals were used for Zr, with 

some reports using the same type of precursor as for Hf and others mixing different types of 

precursors, including cocktail precursors that contain both Hf and Zr precursors in one bottle.28  

HfCl4 is one of the most prevalent Hf precursors for ALD, exhibiting a broad ALD window 

due to the high reactivity and low steric hindrance of the halide ligands. However, several 

disadvantages of halide precursors limit the applicability of HfCl4 in low-temperature ALD 

processes.34 Halide precursors are known to produce chlorine residue within the film, particularly 

at low-temperature range ALD, as well as reactive byproducts that can cause damage to the tool, 

particularly the pump.73,74 In addition, the vapor pressure of solid precursors such as HfCl4 is 

difficult to control and requires high-temperature heating to produce enough vapor to continue 
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the ALD process and prevent condensation on the gas lines. Multiple studies employed HfCl4 

and ZrCl4 to deposit ferroelectric HZO films by supercycling two precursors, and the deposition 

temperature range was approximately 300 °C. Of these, some studies were able to achieve 

ferroelectricity from 450 °C to 300 °C by using halide-based precursors, electric field cycling, 

and annealing for a longer period of time in a furnace, as discussed in greater detail in the final 

chapter.62,63,75  

TDMA and TEMA precursors have an ALD window between 200 °C and 300 °C, with a 

slightly higher temperature window for the TEMA precursors. This deposition temperature range 

is optimal for low-temperature ALD processes and the deposition of amorphous or 

nanocrystalline mixed HZO films, causing the majority of HZO ALD research to utilize these 

precursors. Kim et al., for instance, reported a comparative analysis of ALD, material, and 

electrical properties, including the dependability of ferroelectric HZO films deposited by TEMA-

Hf/Zr and TDMA-Hf/Zr precursors.64 Herein, 10 nm HZO films were deposited using a 1:1 ALD 

supercycle, which resulted in a 50:50 ratio of Hf and Zr within the films for both TEMA and 

TDMA precursors. The deposition temperatures for TEMA-Hf/Zr and TDMA-Hf/Zr were 

280 °C and 260 °C, respectively, and ozone was used as the oxygen source. The growth rate of 

HZO using ozone was 0.12 nm per cycle with TEMA-Hf/Zr and 0.13 nm per cycle with TDMA-

Hf/Zr, which is slightly faster. After TiN deposition for the top electrode and 450 °C rapid 

thermal annealing (RTA), grazing-incidence X-ray diffraction (GIXRD) confirmed the 

crystallization of both HZO. The larger grain size of TDMA-based HZO compared with TEMA-

based HZO was caused by the higher carbon contamination of TEMA-based films, which 

inhibited grain growth. As a result, TDMA-based HZO exhibited a greater 2Pr and a smaller 

dielectric constant than TEMA-based HZO. In addition, the reliability of TDMA-based HZO 
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film was also superior to TEMA-based HZO, with a smaller wake-up effect, endurance up to 109 

switching cycles, and lower leakage current.  

Recent studies have utilized cyclopentadienyl (Cp)-based precursors with Hf and Zr for the 

deposition of ferroelectric HZO. This addition of Cp ligands permits the precursor to withstand a 

higher deposition temperature of greater than 350 °C, thereby shifting the ALD window to a 

higher temperature range of approximately 250 °C to 350 °C.76–78 Increasing the deposition 

temperature of HZO films utilizing Cp-based precursors may appear counterproductive for low-

temperature ferroelectric applications. However, employing a higher deposition temperature can 

produce a high-quality film with low impurity concentration and high density, resulting in low-

temperature crystallization. Accordingly, Kim et al. demonstrated the benefit of using higher 

deposition temperatures by depositing HZO films with a cocktail precursor containing CpHf and 

CpZr.60 For deposition, cocktail precursors with a molecular ratio of 35:65 for CpHf and CpZr, 

respectively, were used. For adequate vapor pressure, the precursor had to be heated and 

bubbled. The deposition temperature varied between 250 °C and 320 °C, and the growth per 

cycle ranged between 0.080 nm and 0.088 nm. After deposition, GIXRD confirmed the 

crystallization of Zr-rich films, which showed o and t-phase from 300 °C and increased with 

increasing deposition temperature. Following the same pattern, ferroelectric properties were 

observed in samples deposited at 300 °C, and a sample deposited at 320 °C exhibited a high 2Pr 

value with wake-up-free characteristics without post-metallization annealing (PMA). This result 

exemplifies how control of film properties can lead to low-temperature crystallization.  

The combined result, which depicts the precursor dependence of 2Pr values as a function of 

process temperature based on recent literature, is shown in Figure 2b. Due to their compatibility 

with low deposition temperatures, TDMA- and TEMA-based precursors were the most widely 
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used for depositing low-temperature ferroelectric HZO films. Intriguingly, the overall trend of 

2Pr values for low-temperature ferroelectric HZO films was not strongly related to the type of 

precursors unless a mixture of precursors was used to deposit the film. Due to the difficulty of 

optimizing deposition conditions for both precursors, mixing two distinct precursors to deposit 

HZO film results in a high amount of contaminants, leading to an increase in PMA temperature 

or degradation of ferroelectric properties. Correspondingly, this trend also emphasizes the 

significance of depositing high-quality films by optimizing the deposition process for high 

density and low impurity incorporation, thereby reducing the thermal budget for crystallization 

of the desired o-phase. 

2.3 Oxygen source selection 

As reported in the literature, common oxidants used to deposit ferroelectric HZO include 

water (H2O),49–54,56,58,66–68 ozone (O3),
25,55,64,69 hydrogen peroxide (H2O2),

29 and oxygen (O2) 

plasma57,58. Unlike other molecular oxygen sources, O2 plasma consists of highly reactive 

oxygen radicals and ions, providing extra energy during reactions.19,34,79,80 The additional energy 

supplied during the plasma cycle reduces the process temperature for ALD reaction and 

enhances the crystallization of plasma-enhanced ALD (PEALD) compared to TALD.57,58 

However, unlike TALD, the anisotropic nature of the plasma source is difficult to implement in 

complicated 3D structures and can produce a thick interfacial layer due to excessively strong 

oxidation power.74,81,82 Consequently, the use of TALD is preferable to deposit a thin film on 

complex 3D structures conformally and minimize interface formation. Therefore, this section 

focuses on oxygen sources that are mainly used in TALD processes. This section demonstrates 

the impact of oxygen sources on ALD growth characteristics, and electrical/material properties. 

In addition, various examples from many reports utilizing H2O, O3, and H2O2 as oxygen sources 
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to deposit HZO film are introduced. Furthermore, the oxidant dependence of HZO ferroelectric 

properties and the crystallization temperature required to obtain ferroelectric o-phase is discussed. 

H2O is the most popular oxygen source for ALD deposition of HZO due to its high vapor 

pressure, ease of accessibility, and compatibility with a wide range of deposition temperatures. 

Due to its low oxidation power compared with that of O3, H2O is gentler on the substrate, 

minimizing interface formation.81,83 However, the low oxidation power of H2O can be a 

disadvantage, leaving unreacted precursors behind, resulting in residual contamination and 

necessitating a higher temperature for thin films of superior quality.84 Due to these factors, H2O 

may not be the optimal oxygen source for low-temperature applications, as is the case with other 

reactive oxygen sources. As depicted in Figure 2c, numerous reports have demonstrated that H2O 

can deposit low-temperature ferroelectric HZO films with relatively lower 2Pr. In addition, O3 

was a common oxygen source for TALD, as it is easier to purge than sticky H2O and has a potent 

oxidizing capacity. The strong oxidation power of O3 enables it to react with the residual carbon, 

while ALD synthesizes a high-quality film with a small amount of hydrogen relative to H2O.69,85 

In contrast, when utilizing O3, the interface formation and step coverage dependence of substrate 

temperature caused by oxygen radical recombination must be carefully considered.31,81,85 Using 

TALD with TDMA-Hf, H2O, and O3, Kim et al. demonstrated the effect of oxygen source on the 

ferroelectric properties of HZO capacitors.69 After TiN/HZO/TiN stack fabrication, and 400 °C 

RTA, both H2O- and O3-based HZO crystallized to the o-phase, as confirmed by GIXRD. Both 

HZO capacitors exhibited large 2Pr values of 47.3 µC/cm2 for O3-based HZO capacitors and 38.7 

µC/cm2 for H2O-based HZO capacitors. In addition, H2O-based HZO showed a higher leakage 

current and a lower breakdown field, indicating less reliable properties than O3-based HZO. It 

was confirmed that when H2O was used as an oxygen source, the hydrogen content in the film 
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measured by dynamic secondary ion mass spectrometry (DSIMS) was higher compared to O3-

based films, while crystal structure, carbon contamination, and vacancy concentration were 

similar. Thus, showing the impact of hydrogen on the ferroelectric properties and reliability and 

suggesting the importance of oxidant selection for robust low-temperature ferroelectric 

properties of ALD HZO. 

As shown in the findings of Kim et al., hydrogen incorporation degrades the material and 

electrical properties. The majority of hydrogen within the film exists as hydroxyl, potentially 

reducing the film density by terminating the oxygen bond with hydrogen preventing it from 

forming metal-oxygen bonds. Therefore, selecting an oxygen source that produces HZO films 

with low hydrogen content and high density using ALD is one of the most crucial aspects of 

achieving superior electrical properties. Very few studies with HfO2 and HZO ALD have shown 

that H2O2 produces dense, highly stoichiometric films that are ideal for low-temperature 

applications.29,86 H2O2 has comparable oxidation power to O3 and lower dissociation energy on 

O-O bonds (2.22 eV) than the O-O bond (3.77 eV) of O3, allowing it to react readily with the 

precursors.87,88 In addition, H2O2 is readily available in large quantities as a liquid that can be 

incorporated into the ALD system without any safety concerns. In this regard, Choi et al. 

reported the ALD and HfO2 film characteristics of 50 wt.% H2O2 as an oxygen source reacting 

with TEMA-Hf versus H2O.86 Between 175 to 325 °C deposition temperatures, the ALD window 

was determined to be below 300 °C for both H2O and H2O2. The growth rate and dielectric 

constant were similar between the two oxidants. However, the leakage current of the H2O2-based 

HfO2 capacitor was an order of magnitude lower than that of the H2O case. X-ray photoelectron 

spectroscopy (XPS) results showed that the H2O2-based HfO2 film had a smaller full-width half 

maximum of Hf 4f spectra than the H2O-based HfO2 film, indicating a stoichiometric film with a 
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smaller amount of suboxide. In addition, 90% conformality over a high aspect ratio (~15) 

structure was demonstrated using H2O2. 

However, most commercially available H2O2 is diluted with H2O to extend its shelf life, and 

pure H2O2 has a very short shelf life before decomposing into H2O and O2. Furthermore, 

compared with the boiling point of H2O (100 °C), H2O2 has a higher boiling point (150.2 °C), 

resulting in a very low partial pressure of H2O2 within the vapor, thereby limiting the amount of 

H2O2 supplied to the ALD. In addition, H2O evaporates faster from the aqueous solution of 

H2O2, causing a continuous increase in the partial pressure of H2O2. This makes the amount of 

H2O2 delivered to the system difficult to control, thereby resulting in inconsistent film 

properties.89–91 Jung et al. circumvented this issue with a specially designed vaporizer that 

generated anhydrous H2O2 to study the effect of H2O2 on the ferroelectric property and the 

process temperature while removing the H2O effect.29 Utilizing TDMA-Hf/Zr with H2O2 at 

250 °C, H2O2 was able to produce amorphous HZO films with faster growth, higher density, and 

etch resistance than O3. After 350 °C PMA, H2O2-based HZO capacitors exhibited a 2Pr value of 

55 µC/cm2, whereas O3-based HZO capacitors exhibited a 2Pr value of 10 µC/cm2. Moreover, 

compared with O3-based HZO capacitors, the H2O2-based HZO capacitors demonstrated a lower 

leakage current, higher breakdown voltage, and wake-up-free behavior with increased endurance 

up to 1010 cycles. GIXRD confirmed the complete crystallization of H2O2-based HZO films, 

while O3-based HZO films were near an amorphous state with small crystals. Subsequently, it 

was asserted and confirmed by XPS and DSIMS that the H2O2-based HZO films had a smaller 

amount of non-lattice oxygens and a reduced hydrogen content, which led to these enhanced 

properties. Therefore, for the synthesis of high-quality films via chemical densification for low-

temperature ferroelectric applications, oxygen source selection is crucial.   
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The studies reported in this section demonstrated that chemical densification could lower the 

crystallization temperature by creating a dense amorphous film. Moreover, the dense film with o-

phase and t-phase nanocrystalline seed can provide nucleation sites that enable the growth of 

crystalline o-phase with less energy and a faster nucleation rate, thereby reducing the thermal 

budget. As mentioned in the report by Materano et al., these dense, stoichiometric HZO films 

may not be favorable for the formation of the o-phase.38 However, the amount of oxygen in the 

film is not the only factor to promote o-phase formation. Therefore, controlling other factors that 

can promote the phase transition to o-phase (e.g., doping, interface, stress, etc.), dense and 

stoichiometric HZO film can still deliver robust ferroelectricity. Consequently, the fabrication of 

a stoichiometric HZO film that is close to the ideal condition by TALD can facilitate both low-

temperature crystallization and a high o-phase fraction for improved ferroelectricity. Figure 2c 

depicts the relationship between process temperature and 2Pr values based on the oxygen source. 

Process temperature around 300 °C, O2 plasma showed the best results with high 2Pr, and H2O 

achieved 2Pr around 24 µC/cm2, exactly the IRDS FRAM limit, using TEMA cocktail precursors 

with Zr-rich composition.58,71 Additionally, in the low-temperature regime below 400 °C, H2O2-

based HZO films had the highest average 2Pr, followed by O3-based HZO films with slightly 

lower but still high 2Pr, and H2O-based HZO films with the lowest average 2Pr.
29 Based on the 

trend, achieving ferroelectricity below 300 °C was difficult using TALD with conventional 

annealing techniques such as RTA. Thus, to further lower the process temperature for BEOL-

compatible ferroelectrics, an additional energy source, plasma, will be discussed in the next 

chapter. 

Figure 2. 

2.4 Plasma Enhanced Atomic Layer Deposition 
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Figure 3. 

The low-temperature fabrication of ferroelectric HfxZr1−xO2 (Hf:Zr = 0.43:0.57; HZO) films 

has been studied via PEALD using a Hf/Zr cocktail precursor and PMA processes.57,58 The HZO 

film deposited by TALD using H2O or O3 as an oxidant gas typically has an amorphous 

structure.92 On the other hand, PEALD process utilizing O2 plasma was focused due to its strong 

oxidation power and high energy ion/electron bombardment. First, the effect of an oxidant gas on 

the crystallization of the as-grown HZO films prepared via the ALD process at 300 °C was 

investigated. The as-grown HZO film with H2O gas deposited via TALD exhibited an 

amorphous-like structure because few nanocrystals were observed near the surface of the TiN 

bottom electrode (BE-TiN), and a small diffraction peak from the (111) plane of the o/t/c-phases 

was observed at 2θ ≈ 30.5° (Figure 3a). However, for the as-grown HZO film with O2 plasma 

gas deposited via PEALD, the peak of the (111) plane of o/t/c-phases increased, and partially 

crystallized ~5 nm grains were observed (Figure 3b). In addition, both HZO films after PMA 

treatment at 300 °C retained the conformation and uniformity between the TiN top electrode 

(TE-TiN) and the BE-TiN. Moreover, they exhibited a polycrystalline structure with a grain size 

of 10–20 nm and consisted predominantly of o/t/c-phases. During the annealing and deposition 

processes of TiN and HZO films, an interfacial layer such as TiO2, TiOx, or TiOxNy was easily 

formed because the TiN could scavenge oxygen atoms from the HZO film.93–98 In addition, the 

formation of oxygen vacancies in the HZO film and interlayer may result in a high leakage 

current and a reduction in the endurance properties.55,99,100 Even at 600 °C, transmission electron 

microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) analysis confirmed that the 

interface between the TALD HZO film and BE-TiN was abrupt due to negligible reaction and 

diffusion during the deposition and annealing processes.101–103 Our lower-temperature annealing 
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process at 300–400 °C is anticipated to inhibit further atomic diffusion and chemical reaction at 

the TiN/HZO interface of metal-ferroelectric-metal (MFM) capacitors fabricated with the TALD 

and PEALD HZO films. 

Figure 4. 

Figure 5. 

Various analysis techniques have determined the absolute ratio of the ferroelectric o-phase in 

HZO films. However, in GIXRD analysis, deconvoluting the peak at 2θ ≈ 30.5° into separate 

peaks for the o-, t-, and cubic phases (c-phase) is difficult due to the proximity of the peak 

positions. Therefore, to determine the absolute ratio of the ferroelectric o-phase of HZO films, 

synchrotron grazing-incidence wide-angle X-ray scattering (GIWAXS) analysis was attempted.58 

Figures 4a and 4b display examples of spectra generated by conventional Rigaku GIXRD with 

Cu Kα source (1.5418 Å ) and GIWAXS with synchrotron source (0.77009 Å ). The synchrotron 

GIWAXS condition was configured with a microbeam (cross-sectional diameter of 2 μm) to 

reduce the X-ray footprint on the sample to resolve higher q peaks, resulting in a high-resolution 

d-spacing analysis, as shown in Figure 4b.104 Furthermore, because of the short wavelength, 

ultrabright, and highly collimated beam of a synchrotron source, synchrotron-based GIWAXS 

can be performed with an incidence angle <0.1°, allowing for surface-sensitive, high-resolution 

d-spacing analysis (Figure 4c).105 Figures 5a and 5b show the synchrotron GIWAXS patterns of 

TALD and PEALD HZO films prepared with and without the PMA process at 300–400 °C. 

GIWAXS analysis was performed on each sample after the TE-TiN was etched to eliminate its 

associated diffraction peaks. The GIWAXS data for the TALD and PEALD HZO films without 

the PMA process exhibited broad diffraction peaks at a d-spacing of 2.93 Å ; these peaks were 
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assigned to the mixed o(111)/t(101)/c(111)-phases, indicating that both as-grown films formed 

nanocrystals with o/t/c-phases, in accordance with the TEM analysis results. Large peaks 

originating from o/t/c-phases were observed in the pattern of PMA-treated samples, whereas the 

peaks of the m-phase were weak. Notably, the peak position of the o/t/c-phases for both the 

TALD and PEALD HZO films gradually shifted to a larger d-spacing region as the PMA 

temperature rose from 300 °C to 400 °C; however, almost no peak shift was observed in the 

laboratory-based GIXRD patterns. It is well known that the d-spacings of the crystal structures of 

HfO2 and ZrO2 increase in the order c < t < o. As the annealing temperature increased, these 

peak shifts suggest that the formation of the o-phase was favored over the formation of the c- and 

t-phases. During the annealing process, TiN electrodes have been reported to subject HZO films 

to tensile stress, promoting the formation of the metastable ferroelectric o-phase.24,106 As the 

annealing temperature increases, greater mechanical stress is applied to the HZO films by the 

TiN electrodes, resulting in the formation of the o-phase. A moderate addition of oxygen 

vacancies can also facilitate the formation of the ferroelectric o-phase.37 Moreover, the GIWAXS 

spectra of PEALD HZO films exhibited a larger peak shift than those of TALD HZO films, 

indicating that the ferroelectric o-phase formed more readily in PEALD HZO films than in 

TALD HZO films. This also indicates that the nanocrystalline o/t/c-phases in the as-grown HZO 

film are crucial in forming the ferroelectric o-phase. 

Figure 5c shows the correlation between the 2Pr value (extracted from polarization–electric 

field (P–E) hysteresis curves for pristine samples) and the d-spacing of o(111)/t(101)/c(111)-

phases (extracted from the synchrotron GIWAXS data) for the TALD and PEALD HZO films 

following PMA process at 300–400 °C, during which the d-spacing increased with increasing 

annealing temperature. The 2Pr values of TALD and PEALD HZO films increased linearly with 
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increasing d-spacing for o(111)/t(101)/c(111). The maximum 2Pr value and d-spacing (35 

µC/cm2 and 2.99 Å , respectively) were obtained for PEALD HZO films subjected to PMA at 400 

°C. In addition, the theoretical d-spacing of the o-phase in HZO (Hf:Zr = 0.43:0.57) films is 2.99 

Å , as estimated using the d-spacings for HfO2 (2.96 Å ) and ZrO2 (3.01 Å ) according to Vegard's 

law. These results indicate that a nearly ideal ferroelectric phase was achieved in the HZO film 

deposition via the PEALD process followed by the PMA process at 400 °C. Notably, an 

asymmetric peak shape indicates that the films still contain a certain fraction of the 

nonferroelectric t- and c-phases, albeit a small fraction compared with the dominant o-phase. The 

results demonstrate that synchrotron GIWAXS allowed for the precise analysis of the crystal 

structure of ferroelectric HZO films, revealing the crucial relationship between their 

ferroelectricity and crystal structure. 

Figure 6. 

Figures 6a and 6b show the P–E hysteresis curves of MFM capacitors with 10-nm-thick 

TALD and PEALD HZO films, respectively. In addition, Figure 6c depicts the relationship 

between the PMA temperature and the 2Pr value derived from the P–E hysteresis curves of the 

TALD and PEALD HZO films. Lattice fringes with different orientations are observed (Figure 

3b), indicating that a nanocrystalline structure with o/t/c-phases and a grain size of ~5 nm was 

partially formed. Consequently, the switching curve of the as-grown HZO film fabricated via the 

PEALD process showed a 2Pr value of 1.7 µC/cm2. In contrast, linear paraelectric-like behavior 

was observed for the as-grown HZO film fabricated via the TALD process owing to its 

amorphous-like structure with few nanocrystals (Figure 3a). After the PMA process at 300 °C, 

the PEALD HZO film crystallized completely and formed a polycrystalline structure with grain 

sizes between 10 and 20 nm. The TALD HZO film, in contrast, retained a portion of the 
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amorphous-like structure region. The nanocrystal grains formed during the PEALD process play 

a crucial role as nuclei for the crystallization of HZO films, forming a fully crystallized HZO 

film with a low thermal budget even at 300 °C.57,58 The full crystallization observed after the 

PMA process at 300 °C resulted in a large hysteresis loop with a 2Pr value of 29 µC/cm2 in the 

P–E curve of the PEALD HZO film, which was approximately 1.2 times greater than that (24 

µC/cm2) in the P–E curve of the TALD HZO film. Furthermore, the 2Pr value of both the TALD 

and PEALD HZO films increased with increasing PMA temperature due to the improved 

crystallinities; for example, complete crystallization of the TALD HZO film was confirmed 

when the annealing temperature was increased to 400 °C, whereas the PEALD HZO film was 

already fully crystallized after the 300 °C PMA process due to the nucleation effect of the 

nanocrystals formed after the PEALD process. Consequently, after annealing at 400 °C, the 

TALD and PEALD HZO films attained similar 2Pr values of 33 and 35 µC/cm2, respectively. 

Therefore, a greater 2Pr value was obtained at a lower process temperature region using the 

PEALD method. 

Figure 6d shows the endurance properties of MFM capacitors prepared with TALD and PEALD 

HZO films via the PMA process at 300 °C and 400 °C. Positive-up negative-down (PUND) 

measurements were performed to determine the switching polarization (Psw) value during field 

cycling. The PUND method comprised two positive and two negative triangle pulses with the 

same triangle voltage pulse (25 µs rise time and 25 µs fall time) at ± 3.0 MV/cm used in the P–E 

measurements and a 25 µs delay time. In the pristine state of 100 field cycles, the PEALD HZO 

films had higher Psw values than the TALD HZO films when exposed to the same PMA 

temperature conditions, as shown in Figure 6d. All TALD and PEALD HZO films exhibited a 

wake-up effect until 103–104 field cycles, consistent with previously reported results.100,107–109 



 

 24 

After wake-up field cycling, the Psw values of the TALD and PEALD HZO films annealed at 300 

°C increased by ~15% compared with their pristine values. However, the films annealed at 400 

°C showed a reduced wake-up increase (~7%). During wake-up field cycling, it has been 

reported that the nonferroelectric t-phase transforms into the ferroelectric o-phase, increasing the 

Psw value.99,110–112 According to synchrotron GIWAXS data, the reduced wake-up effect 

observed in TALD and PEALD HZO films subjected to PMA at 400 °C is attributable to these 

films having a higher proportion of ferroelectric o-phase (larger d-spacing of the 

o(111)/t(101)/c(111)-phases). 

 

3. INTERFACE ENGINEERING 

Figure 7. 

Other approaches for fabricating ferroelectric HZO films have been studied. The difference in 

thermal expansion coefficients between TiN and HZO films is promising for forming the 

ferroelectric o-phase during the annealing process.24,106 In MFM ferroelectric memory, the HZO 

film is sandwiched by TiN; as a result, this difference in thermal expansion coefficients has a 

remarkable impact. However, Si channel in the metal-ferroelectric-semiconductor (MFS) 

ferroelectric transistor, an amorphous SiO2 interfacial layer (SiO2-IL) is easily formed between 

an HZO film and Si, which could cause stress relaxation, whereas a Si substrate is expected to 

play a role as a tensile stressor to HZO films during an annealing process. Furthermore, it has 

been reported that MFS structures require a high-temperature process (>400 °C) to achieve 

robust ferroelectricity.113,114 This high temperature potentially leads to the excessive growth of 

SiO2 at the interface and causes reliability issues on MFS capacitors and FeFETs.13,115–117 
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Moreover, high process temperature also poses limitations for low thermal budget applications 

(e.g., 3D integration and flexible electronics) that require channel materials like oxide 

semiconductors.118–120 A new idea was proposed by Onaya et al. using a ZrO2 nucleation layer to 

form the HZO film with the ferroelectric o-phase in an MFS structure.121 This concept is based 

on the superior characteristics of ZrO2 films processed via the low-temperature ALD process at 

300 °C (e.g., good crystallinity and predominantly o/t/c-phases). The HZO-based MFM 

capacitors with a ZrO2 nucleation layer exhibited the improvement of their ferroelectricity, while 

those with an amorphous Al2O3 layer showed smaller 2Pr compared to the conventional HZO-

based MFM capacitors.101–103,122–124 Here, the effect of the ZrO2 layer on the ferroelectricity of 

the MFS structure was investigated. Figures 7a and 7b show cross-sectional TEM images of 

MFS capacitors without ZrO2 (w/o) and ZrO2-10-nm following the PMA process at 300 °C. Due 

to the low thermal budget of 300 °C, a suppressed SiO2-IL with a thickness of one or two 

monolayers (0.3–0.6 nm) was formed between the HZO film and the Si substrate for both 

capacitors. These SiO2-ILs were thinner than those at the interface of a HfO2-based film and a Si 

substrate (≥1 nm).114,125–128 A few nanocrystals with a grain size of 5–10 nm partially formed in 

the HZO film of the w/o capacitor, while most of the film remained amorphous. In contrast, the 

HZO film of the as-grown ZrO2-10-nm capacitor was fully crystallized with the same orientation 

as the ZrO2 grains, and grain size ranged from 10 to 20 nm. TEM–EDS analysis determined that 

the interface between the top ZrO2 and HZO films was abrupt due to less diffusion and reaction 

between these films during the PMA process. The GIXRD patterns for the PMA-treated w/o and 

the as-grown ZrO2-10-nm MFS capacitors are shown in Figure 7c. The patterns of both 

capacitors exhibit a sharp diffraction peak of the (111) planes of TiN at 2θ ≈ 36.7°. Moreover, no 

clear peak originating from the HZO film was observed, indicating that the HZO film formed a 
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predominately amorphous structure, consistent with the results of the TEM analysis (Figure 7a). 

However, the GIXRD pattern for the as-grown ZrO2-10-nm capacitor displayed diffraction peaks 

at 2θ≈30.7° and 35.6°, which were assigned to mixtures of o(111)/t(101)/c(111)- and 

o(002)/t(110)/c(200)-phases, respectively; no peak of the paraelectric m-phase was observed. 

Even with a low thermal budget of 300 °C, a crystallized HZO film consisting of the ferroelectric 

o-, t-, and c-phases was obtained using a top ZrO2 nucleation layer. Because the lattice constants 

for the ferroelectric o-phase and the nonferroelectric t- and c-phases are similar, it is challenging 

to identify the diffraction peak originating solely from the o-phase in HZO thin films using 

laboratory-based XRD measurements.58 Even after the ALD process, the top ZrO2 nucleation 

layer of the as-grown ZrO2-10-nm capacitor was crystalline and comprised o-, t-, and c-phases, 

while the HZO film exhibited an amorphous structure, as determined using GIXRD analysis. 

Therefore, the polycrystalline ZrO2 film following the ALD process played a crucial role as a 

nucleation layer for the crystallization of the HZO film and formation of the ferroelectric o-phase 

during the 300 °C low-temperature PMA process. 

To evaluate the Psw during field cycling, PUND measurements were performed. Figures 7d 

and 7e show the endurance properties, where the Psw was extracted using the PUND method for 

the w/o MFS capacitor, ZrO2-2-nm, and ZrO2-10-nm MFS capacitors, following the PMA 

process at 300 °C. During field cycling, the triangular voltage consisted of positive and negative 

pulses with a pulse width of 50 µs at ± 4 MV/cm; a 25 µs delay time was applied. The pulse 

sequence in the PUND method comprised two positive and two negative triangular pulses with 

the same pulse conditions as described above (insets, Figure 7d). The +Psw value was estimated 

using two positive pulses of P and N, whereas two negative pulses of N and D were used to 

estimate the −Psw value. The +Psw value was lower than the −Psw value for each capacitor, 
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possibly due to the voltage drop caused by the depletion layer in the Si substrate.129 The ZrO2-

10-nm capacitor exhibited hard breakdown after field cycling for 3 × 105 cycles, consistent with 

the previous reports on HfO2-based MFS capacitors, whereas the w/o and ZrO2-2-nm capacitors 

continued to function even after 106 cycles.121 The earlier breakdown of the ZrO2-10-nm 

capacitor is attributed to its lower breakdown field compared with the w/o and ZrO2-2-nm 

capacitors, resulting from the fully crystallized ZrO2/HZO bilayer with a polycrystalline 

structure. As a result of the wake-up effect, the +Psw and −Psw of the w/o capacitor increased by 

as much as ~10% after 102–103 field cycling cycles compared with the pristine state, whereas the 

ZrO2-2-nm and ZrO2-10-nm capacitors exhibited no wake-up effect. Across all capacitors, the 

degradation of the −Psw during field cycling was substantial, whereas the degradation of the +Psw 

was minimal. After 103 wake-up cycles, the −Psw of the w/o capacitor drastically decreased by 

15% per decade of cycles. Moreover, a comparison of the performance of the ZrO2-2-nm and 

ZrO2-10-nm capacitors with wake-up-free properties reveals that the −Psw for both capacitors 

decreased linearly and that the ZrO2-10-nm capacitor could reduce the −Psw degradation ratio by 

~5% per decade of cycles, as estimated during field cycling between 100 and 105 cycles, whereas 

the ZrO2-2-nm capacitor could reduce the −Psw degradation ratio by ~10% per decade of cycles. 

Two potential causes were considered for the wake-up effect for the w/o capacitor. One possible 

cause is the poor crystalline quality of the HZO film (Figure 7). During field cycling, the 

nonferroelectric t-phase, which forms preferentially between the TiN electrode and the HZO 

film, is reported to transform into the ferroelectric o-phase, increasing Psw.111,130,131 The other 

cause is oxygen vacancies at the TiN/HZO interface. It has been hypothesized that oxygen 

vacancies are generated preferentially at the TiN/HZO interface due to a scavenging effect of 

TiN during deposition and annealing.132–134 Generally, these oxygen vacancies are thought to be 
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one of the key factors to cause the wake-up effect for HfO2-based materials because of a 

reduction in the local built-in bias field and phase transformation from a non-ferroelectric phase 

to ferroelectric o-phase caused by a uniform redistribution of oxygen vacancies during field 

cycling.99,100,135 Hard X-ray photoelectron spectroscopy analysis confirmed that a TiOxNy IL 

(TiOxNy-IL) was formed at the interface between the TE-TiN and the HZO film in the 

TiN/HZO/TiN MFM capacitor after the PMA process at 300 °C; this interfacial layer could lead 

to the formation of oxygen vacancies at the TiN/HZO interface (results not shown). For the 

wake-up-free properties of the ZrO2-2-nm and ZrO2-10-nm capacitors, two alternative 

explanations were proposed. Because of the ZrO2 nucleation effect, the HZO film preferentially 

forms the ferroelectric o-phase rather than the nonferroelectric phase, which causes a phase 

transformation during field cycling.102,122 Introducing a ZrO2 nucleation layer contributes to the 

stabilization of the ferroelectric o-phase in HfO2-based thin films, according to first-principles 

calculations.136 The second explanation is that inserting a ZrO2 nucleation layer between the TE-

TiN and the HZO film can prevent the formation of oxygen vacancies at the ZrO2/HZO interface 

because the ZrO2 film disrupts the TiN scavenging effect, which in turn does not affect the HZO 

film. Consequently, these capacitors exhibited wake-up-free endurance properties. Next, the 

minimal decrease in +Psw observed during field cycling for all capacitors was evaluated. During 

the PMA process at 300 °C, the thickness of SiO2-IL was unaffected. Speculation suggests that, 

unlike the scavenging effect of TiN, oxygen diffusion into the SiO2-IL does not occur during the 

PMA process, and, as a result, the formation of oxygen vacancies at the HZO/SiO2-IL interface 

can be suppressed. 

Regarding the degradation mechanism of −Psw, two types of oxygen vacancy behavior were 

observed. During the fabrication process, oxygen vacancies formed on the top surface of the 
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HZO film (i.e., the TiN/HZO interface for the w/o capacitor and the ZrO2/HZO interfaces for the 

ZrO2-2-nm and ZrO2-10-nm capacitors). The ZrO2 film must reduce the number of oxygen 

vacancies at the TiN/HZO interface because the HZO film is distant from the TiN/ZrO2 

interface, which is the source of oxygen vacancies. In addition, the ZrO2-10-nm capacitor with 

the thickest ZrO2 film displays the greatest effect. Secondly, during field cycling, additional 

oxygen vacancies are generated along the grain boundaries of the HZO film.99,100 For the ZrO2-

10-nm capacitor, larger grains were observed (Figure 7), decreasing the number of grain 

boundaries.102 Based on these results, HZO-based MFS capacitor with a 10-nm-thick top ZrO2 

nucleation layer exhibited superior ferroelectric and wake-up-free properties, and higher fatigue 

resistance, even at a low thermal budget of 300 °C. However, the effects of antiferroelectric ZrO2 

on the switching properties and reliability of the antiferroelectric-ZrO2/ferroelectric-HZO bilayer 

remain unclear, and additional research is required before these bilayers can be utilized in future 

ferroelectric memory devices. 

4. STRESS AND THERMAL PROCESS 

The ferroelectric properties of HfO2-based films are known to originate from the 

noncentrosymmetric o-phase.10,22 However, HfO2-based films crystallized under standard 

semiconductor process conditions have a stable m-phase.10,22 For this reason, numerous reports 

have aimed at simultaneously promoting o-phase formation and suppressing m-phase.10,22 

According to previous studies, annealing with a capping layer (i.e., PMA) is crucial.10,22,24 

During crystallization, the capping layer (i.e., the top electrode) induces tensile stress in the in-

plane direction, thereby preventing the formation of an undesirable nonpolar m-phase (i.e., 

stress-induced crystallization).24,106,132 Meanwhile, RTA, which performs annealing at a specific 

temperature for a very short time, has been widely utilized to crystallize HfO2-based films.10,22 
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In 2017, Kim et al. reported on the ferroelectricity of TiN/HZO/TiN capacitors with 10 nm 

HZO films annealed either before (i.e., postdeposition annealing, PDA) or after (i.e., PMA) TE-

TiN deposition at various annealing temperatures (300–500 °C) using an RTA system.24 PDA-

HZO samples exhibited no ferroelectric behavior at any temperature, whereas PMA-HZO 

samples exhibited explicit ferroelectric behavior above 400 °C. In addition, the ferroelectric 

polarization was enhanced when annealed PMA-HZO samples with a TE-TiN of sufficient 

thickness (>90 nm) were used. By measuring the change in curvature before and after annealing, 

it was found that the estimated tensile stress increased as the thickness of the TE-TiN increased. 

These results indicate a clear tensile stress effect of the top electrode under the PMA condition 

and suggest that ferroelectric behavior can be obtained even at a low annealing temperature of 

400 °C by controlling the stress from the top electrode during the PMA process. This stress-

controlled low-temperature ferroelectric behavior can be distinguished from low-temperature 

crystallization driven by densification. Both HZO films with and without the TE-TiN crystallized 

after 400 °C PMA, given that the amorphous film density and activation energy for 

crystallization were identical.24,137 Thus, the stress conditions influence the energy of the phases, 

decreasing the o-phase energy and increasing the driving force for phase transformation into o-

phase rather than m- or t-phase.4 Therefore, the ratio of the o-phase will be dominant under 

stronger stress at the same PMA temperature, demonstrating how stress control can be used to 

achieve improved ferroelectric properties at lower temperatures. As demonstrated above, in the 

year 2017, the lowest reported annealing temperature for fluorite-structure ferroelectrics with 

high 2Pr, using the TALD and simple RTA process, was 400 °C.24 Nevertheless, this annealing 

temperature impedes the incorporation of HZO thin films into BEOL processes.22 For this 
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reason, numerous attempts have been made to reduce the annealing temperature required to 

crystallize HZO thin films during the PMA process to less than 400 °C.22,25,26,63 

Figure 8. 

Recently, a simple method to increase the annealing time has been proposed to reduce the 

annealing temperature below 400 °C based on the thermal budget of HZO thin films.26,63,138 

Thermal budget, which is a concept represented by a relationship between an annealing 

temperature and an annealing time, generally refers to the total amount of heat applied to a 

device during an annealing process. Cho et al. investigated the ferroelectric properties of 10-nm-

thick HZO thin films crystallized (via the PMA process) at various annealing temperatures (350–

500 °C) and times (1–5 hours) using a furnace instead of RTA.26 Figure 8 shows the schematics 

of various furnace annealing processes and the resulting P–E hysteresis curves for TiN/HZO/TiN 

capacitors. Similar to previous results,10,22,24,69 PMA-HZO samples exhibited ferroelectric 

properties at temperatures above 400 °C regardless of annealing time but not at temperatures 

below 400 °C. However, as the annealing time increased, ferroelectric behavior appeared, and 

the PMA-HZO sample annealed at 350 °C for more than 4 hours showed a large polarization 

comparable to the PMA-HZO sample annealed at 400 °C for 1 hour. Furthermore, the reduced 

annealing temperature can improve the endurance properties of the PMA-HZO sample by 

reducing the formation of oxygen vacancies within the HZO thin film or at the interface with the 

electrodes. These results indicate that, even at temperatures as low as 350 °C, increasing 

annealing times can achieve the required robust endurance and sufficient polarization values for 

FRAM applications. In other words, it suggests that a certain thermal budget, considering 

annealing temperature and time, is necessary to obtain ferroelectric properties in HZO thin films. 

Additionally, Lehninger et al. reported that ferroelectric properties of HZO thin films could be 
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obtained through prolonged annealing in a low-temperature furnace below 400 °C, reaching 

down to 300 °C.63,120 XRD analysis confirmed that the ferroelectric phase formed in the HZO 

thin film even at annealing temperatures below 400 °C when the annealing time was increased. 

These approaches utilize annealing time to compensate for the slow nucleation rate at low 

temperatures to obtain ferroelectricity with a low annealing temperature. Moreover, this 

demonstrates that stress control would only reduce the o-phase energy, rather than the activation 

energy, to increase the nucleation rate and decrease the crystallization temperature. Despite 

achieving a low temperature of less than 400 °C, the crystallization method using such a furnace 

requires a lengthy process time of several hours or longer. However, the existing thermal budget 

during interconnect formation can be leveraged to crystallize HZO films without the need for a 

separate crystallization step, potentially saving time and cost in the BEOL fabrication process.75 

Figure 9. 

From this point of view, as a way to reduce the thermal budget (i.e., reducing both the 

annealing temperature and time), a high-pressure annealing (HPA) method capable of increasing 

the pressure during the annealing process and employing a capping layer (i.e., a PMA process) 

was recently introduced.25 Previous HPA studies have focused more on improving the 

ferroelectric properties of HZO thin films by promoting o-phase formation than on the 

crystallization temperature. The improved ferroelectric properties of the PMA-HZO sample 

could be obtained at the same annealing temperature by substituting the conventional RTA 

process with high-pressure nitrogen annealing.139 In particular, as the annealing pressure 

increased up to 50 atm at 450 °C, the o-phase ratio increased gradually, and a large ferroelectric 

polarization with robust endurance was obtained. Meanwhile, a method for improving 

ferroelectric properties by controlling oxygen vacancies in the HZO thin film was proposed by 
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additionally executing the HPA process before the RTA process.140 In this case, the deposited 

HZO thin film was first subjected to high-pressure oxygen annealing at 250 °C, and then the 

RTA process was performed again at 500 °C after depositing the TE-TiN (i.e., PMA process). As 

a result, it was confirmed that the ferroelectric polarization was improved when HPA (oxygen 

pressure of 40 atm) was added compared to the HZO sample annealed using only RTA. 

Meanwhile, it was recently reported that the ferroelectric behavior of HZO thin films could be 

obtained at temperatures below 400 °C via the PMA process using only HPA. Kim et al. 

investigated the effect of annealing pressure and time on the crystal structure and ferroelectric 

properties of HZO thin films via HPA (15 atm N2 pressure), RTA, and furnace processes at 300 

°C.25 In the case of the HPA and furnace processes, the TiN/HZO/TiN capacitors were placed in 

each chamber preheated to 300 °C in an N2 atmosphere and removed immediately after the 

annealing process for at least 30 min to enable rapid cooling as in the general RTA process (see 

Figure 9). Consistent with previous findings, HZO thin films annealed at 300 °C in an RTA or 

furnace process did not crystallize or exhibit ferroelectric behavior.24,26,69 Considering the 

thermal budget of HZO thin films, a longer annealing time at 300 °C may be required to obtain 

ferroelectricity via o-phase formation. However, when an N2 pressure of 15 atm was applied, the 

HZO thin film crystallized even at a low-temperature of 300 °C, exhibiting a sufficiently large 

ferroelectric polarization. Interestingly, the thickness of the HPA HZO thin film decreased 

during the crystallization process, indicating that the driving force for phase transformation from 

low-density amorphous to high-density crystalline increased even at 300 °C as the annealing 

system pressure increased to 15 atm. Consequently, the HPA process is a helpful strategy for 

attaining the ferroelectric properties of sub-10 nm HZO films even with limited thermal budgets. 
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In summary, it was difficult to form the o-phase of the HZO thin film at annealing 

temperatures below 400 °C using a TE-TiN that induces tensile stress via the PMA process. 

However, by increasing the annealing time based on the thermal budget or applying pressure 

during the annealing process, HZO thin films could be crystallized even at low temperatures 

(<400 °C), thereby acquiring ferroelectric properties. Remarkably, the HPA process can 

overcome the high thermal budget (≥400 °C) of a typical RTA process and simultaneously solve 

the problem of long annealing time, which is a drawback of the furnace-based low-temperature 

process. In other words, HPA can be a helpful method for low-temperature processes that have 

posed a persistent obstacle to integrating HfO2-based films into BEOL.   

5. CONCLUSIONS 

This review has highlighted the role of ALD techniques and recent advances in low-

temperature HfO2-based ferroelectrics, particularly HZO-based materials, which have emerged 

as promising materials for BEOL-compatible next-generation nonvolatile memory devices. The 

primary challenge is stabilizing the metastable ferroelectric o-phase in sub-10 nm-thick films at 

low temperatures by controlling different parameters that can lower the energy barrier and 

increase the crystallization driving force. Various strategies have been developed to achieve this 

objective, including doping, precursor and oxidant source selection, deposition temperature 

control, interface modification, stressor design, and pressurized annealing techniques. These 

approaches aim in two directions: optimizing ALD conditions for high-quality film deposition 

and applying additional stress and strain to promote the formation of o-phase with a limited 

thermal budget. Following these directions, this review provides insight into various chemical 

and physical densification strategies for producing high-quality films with high density and low 

impurity concentration to boost crystallization and electrical performance. As evidenced by 
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dense H2O2-based films, nanocrystalline seeded HZO films with deposition temperature control, 

PEALD, and interface engineering, the densification approach can affect the kinetics of phase 

transition and potentially lower the energy barrier from amorphous to the o-phase, resulting in a 

low crystallization temperature. In addition, engineering a stress and strain-controlled 

environment to stabilize the o-phase to a lower energy state could increase the driving force to 

the o-phase rather than transforming into other nonferroelectric phases such as m-, t-, and c-

phase, thereby achieving o-phase dominant films at low temperatures. For instance, the HPA 

process and the dependence of TiN thickness on ferroelectricity demonstrate the potential of 

strain and strain control for low-temperature ferroelectric applications. Therefore, it can be 

concluded that to achieve low-temperature ferroelectricity, it is necessary to carefully select 

ALD process parameters and device structure to produce highly dense and strained films, making 

the o-phase thermodynamically preferable and easy to crystallize. To fully comprehend and 

optimize the low-temperature ferroelectric behavior of HfO2-based materials, it is necessary to 

address several challenges and unanswered questions. The mechanisms of phase formation and 

stabilization, the role of defects and interfaces, and the reliability and endurance issues resulting 

from low-temperature processes are some areas that require further investigation. We hope this 

review will provide helpful insights and guidance for researchers interested in exploring the 

fascinating field of nanoscale ferroelectricity.  
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Figure 1. Schematic of the fabrication process for ferroelectric HfO2-based metal-ferroelectric-

metal capacitors. The fabrication process involves (a) bottom electrode deposition, (b) HfO2-

based material deposition, (c) top electrode deposition and annealing to crystalize the HfO2-

based material for ferroelectricity, and (d) patterning and etching to define the capacitor structure. 

Each step of the fabrication process is accompanied by process parameters and conditions that 

can affect the ferroelectric properties of the HfO2-based material. 
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Table 1. Process parameters of atomic layer deposition and ferroelectric capacitor performance 

from previous reports. 

Material 

Thick 

ness  

(nm) 

Doping  

(%) 

Hafnium 

precursor 

Dopant  

precursor 

Oxygen 

source 

Dep.a 

Temp.b 

(°C) 

Anneal 

method 

Anneal 

Temp. 

(°C) 

Anneal 

time (s) 
TEc 

tTE
d 

(nm) 
BEe 

tBE 

(nm) 

2Pr 

(μC/ 

cm2) 

Ec 

(MV/ 

cm) 

Endurance 

(cycle) 

HfO2 6 0 HfCl4 N/Af H2O 300 RTA 650 N/A TiN 10 TiN 10 20 1 

1.6x105 at 

2.5MV/cm, 

10kHz36 

HfO2 8.3 0 TDMA-Hf N/A O3 260 RTA 650 N/A TiN 5 TiN 5 27 1 N/A37 

HfO2 10 0 TEMA-Hf N/A O3 230 RTA 600 20 TiN 10 Si  22 N/A N/A38 

HfO2 9 0 TEMA-Hf N/A O3 220 RTA 650 30 TiN 5 TiN 50 21 1 

108 at 

3.2MV/cm, 

100kHz39 

Al:HfO2 16 7.1 TEMA-Hf TMA O3 300 RTA 1000 20 TiN 20 TiN 12 12 1 N/A41 

Al:HfO2 10 2.2 TEMA-Hf TMA O3 280 RTA 650 20 TiN 10 TiN 10 34 0.8 N/A42 

Si:HfO2 10 4.2 TDMA-Hf 3DMAS 
O2 

plasma 
200 RTA 900 20 TiN 10 TiN 10 33 1.8 N/A43 

Si:HfO2 10 2.8 TEMA-Hf 3DMAS O3 280 RTA 650 20 TiN 10 TiN 10 38 0.9 N/A42 

Si:HfO2 10 4.6 TEMA-Hf 4DMAS O3 266 RTA 650 20 TiN 10 TiN 10 16 1 
1010 at 

2MV/cm44 

Y:HfO2 10 5.2 TEMA-Hf Y(MeCp)3 O3 N/A RTA 600 20 TiN 4 TiN 18 48 1.2 N/A45 

La:HfO2 10 6 TEMA-Hf La(iPrCp)3 O3 280 RTA 650 20 TiN 10 TiN 10 48 1.1 N/A42 

La:HfO2 12 9.2 TEMA-Hf La(iPrCp)3 H2O 280 RTA 800 20 TiN 12 TiN 12 56 1.8 

3x105 at 

4MV/cm, 

100kHz46 

Sr:HfO2 10 4.4 HfCl4 Sr(tBu3Cp)2 H2O 300 RTA 800 20 TiN 10 TiN 10 30 1.9 

105 at 

4MV/cm, 

10kHz47 

Sr:HfO2 10 9.9 HfCl4 Sr(tBu3Cp)2 H2O 300 RTA 800 20 TiN 12 TiN 10 46 1.8 
106 at 

3MV/cm48 

Gd:HfO2 10 3.4 HfCl4 Gd(iPrCp)3 H2O 300 RTA 450 600 TiN 10 TiN 10 30 1.6 

2x105 at 

4MV/cm, 

10kHz47 

Zr:HfO2 10 50 TDMA-Hf TDMA-Zr O3 260 RTA 450 N/A TiN 50 TiN 50 51 1 

109 at 

2.5MV/cm, 

100kHz64 

Zr:HfO2 3.7 50 TDMA-Hf TDMA-Zr H2O 175 RTA 500 20 TiN 10 Ir 20 26 1 

106 at 

5.3MV/cm, 

100kHz65 

Zr:HfO2 7 50 TDMA-Hf TDMA-Zr H2O 300 None   TiN 40 Pt 64 6.8 1 N/A66 

Zr:HfO2 7 50 TDMA-Hf TDMA-Zr H2O 300 ALA   TiN 40 Pt 64 42.6 1 N/A66 

Zr:HfO2 10 50 TDMA-Hf TDMA-Zr H2O 250 RTA 450 30 TiN 12 TiN 12 26 1 
107 at 

2.5MV/cm67 

Zr:HfO2 18 50 TDMA-Hf TDMA-Zr H2O N/A RTA 500 30 TaN 100 TaN 100 22 1 

106 at 

2.2MV/cm, 

100kHz68 

Zr:HfO2 10 50 TDMA-Hf TDMA-Zr H2O2 250 RTA 350 60 TiN 90 TiN 90 55 1 

1010 at 

2.0MV/cm, 

1MHz29 

Zr:HfO2 10 50 TDMA-Hf TDMA-Zr O3 250 RTA 400 60 TiN 90 TiN 90 47.3 1 

107 at 

2MV/cm, 

33kHz69 

 



 

 63 

Table 1. Continued. 

Material 

Thick 

ness  

(nm) 

Doping  

(%) 

Hafnium 

precursor 

Dopant  

precursor 

Oxygen 

source 

Dep.a 

Temp.b 

(°C) 

Anneal 

method 

Anneal 

Temp. 

(°C) 

Anneal 

time (s) 
TEc 

tTE
d 

(nm) 
BEe 

tBE 

(nm) 

2Pr 

(μC/ 

cm2) 

Ec 

(MV/ 

cm) 

Endurance 

(cycle) 

Zr:HfO2 10 50 TDMA-Hf TDMA-Zr H2O 250 RTA 400 60 TiN 90 TiN 90 38.7 1 

107 at 

2MV/cm, 

33kHz69 

Zr:HfO2 5 50 TDMA-Hf TDMA-Zr O3 250 RTA 450 60 TiN 90 TiN 90 20 1 

>1010 at 

2.4MV/cm, 

33kHz70 

Zr:HfO2 10 50 TDMA-Hf TDMA-Zr O3 250 HPA 300 1800 TiN 90 TiN 90 26 1 

107 at 

2MV/cm, 

33kHz25 

Zr:HfO2 12 50 TDMA-Hf TEMA-Zr H2O 240 RTA 550 60 
W/ 

TiN 
40/20 TiN 40 41 1 N/A49 

Zr:HfO2 11.6 40 TDMA-Hf TEMA-Zr H2O 300 None   TiN 10 InAs  22 1 

106 at 

3.5MV/cm, 

10kHz50 

Zr:HfO2 10 50 TDMA-Hf TEMA-Zr N/A 200 FLA 630 5e-3 TiN 10 InAs  40 1 

30000 at 

3MV/cm, 

100kHz51 

Zr:HfO2 15 40 TDMA-Hf TEMA-Zr H2O 240 RTA 550 30 TiN 40 TiN 20 25 1.5 

108 at 

3MV/cm, 

100kHz52 

Zr:HfO2 12 50 TDMA-Hf TEMA-Zr H2O 200 RTA 370 N/A TiN 14 InAs  42 1.2 N/A53 

Zr:HfO2 10 50 TEMA-Hf TEMA-Zr O3 260 RTA 450 N/A TiN 50 TiN 50 44 0.95 

109 at 

2.5MV/cm, 

100kHz64 

Zr:HfO2 10 50 TEMA-Hf TEMA-Zr H2O 240 RTA 400 
TiN 

dep 
TiN 15 TiN 15 20 1 

1010 at 

2.5MV/cm54 

Zr:HfO2 10 50 TEMA-Hf TEMA-Zr O3 250 RTA 400 30 W 50 Pt/W 100/50 46 1.5 N/A55 

Zr:HfO2 2.5 50 TEMA-Hf TEMA-Zr O3 250 RTA 400 30 W 50 Pt/W 100/50 28.4 1.5 N/A55 

Zr:HfO2 8.4 50 TEMA-Hf TEMA-Zr H2O 300 RTA 400 30 TiN 25 TiN 25 46 1 N/A56 

Zr:HfO2 4 50 TEMA-Hf TEMA-Zr H2O 300 RTA 500 30 TiN 25 TiN 25 23 1 

3x1010 at 

3MV/cm, 

200kHz56 

Zr:HfO2 10 50 TEMA-Hf TEMA-Zr 
O2 

plasma 
300 RTA 300 60 TiN 100 TiN 15 34 1 N/A57 

Zr:HfO2 10 57 TEMA-Hf TEMA-Zr H2O 300 RTA 300 60 TiN 100 TiN 15 24 1 

107 at 

3MV/cm, 

33kHz58 

Zr:HfO2 10 50 TEMA-Hf CpZr O3 230 RTA 600 20 TiN 10 Si  52 N/A N/A38 

Zr:HfO2 10 50 CpHf CpZr O3 300 RTA 450 20 TiN 10 TiN 10 45 1 

5x105 at 

4MV/cm, 

100kHz59 

Zr:HfO2 10 50 CpHf CpZr 
O2 

plasma 
300 RTA 450 20 TiN 10 TiN 10 46 1 

105 at 

4MV/cm, 

100kHz59 

Zr:HfO2 10 65 CpHf CpZr O3 320 None   TiN 100 TiN 200 47.6 1.5 
106 at 

3.5MV/cm60 

Zr:HfO2 10 70 CpHf CpZr O3 320 None   TiN 100 TiN 200 36 1.5 
107 at 

3.5MV/cm61 

Zr:HfO2 10 70 CpHf CpZr O3 320 RTA 500 10 TiN 100 TiN 200 13 1 
107 at 

3.5MV/cm61 

Zr:HfO2 5 25 HfCl4 ZrCl4 H2O 300 RTA 450 60 TiN 10 TIN 10 47 1 
108 at 

1.9MV/cm62 

Zr:HfO2 10 50 HfCl4 ZrCl4 H2O 300 Furnace 300 7200 TiN N/A TiN N/A 30 1 N/A63 

aDeposition, bTemperature, cTop electrode, dThickness, eBottom electrode, fNot available. 
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Figure 2. Summary of remnant polarization values as a function of process temperature of HfO2-

based ferroelectrics from previously reported data as shown in Table 1. The highest temperature 

step in the fabrication process, which includes annealing and deposition, was referred to as the 

process temperature. (a) Effect of dopants on ferroelectricity of HfO2-based film.25,29,37,38,41–

48,53,57–59,61,63,69 (b) Effect of precursor selection in HZO films ferroelectricity.25,29,38,49–64,66–69 (c) 

Oxygen source effect on the ferroelectric temperature of HZO films.25,29,49–58,64,66–69 
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Figure 3. XRD patterns of as-grown HZO films deposited by (a) TALD and (b) PEALD at 300 

°C. The insets show cross-sectional TEM images of MFM capacitors with as-grown (a) TALD 

and (a) PEALD HZO films. Reprinted with permission from ref 57 and 58. Copyright 2019 

Elsevier and 2021 AIP Publishing, licensed under a Creative Commons Attribution (CC BY) 

license. 
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Figure 4. Phase analysis of ferroelectric 10 nm HZO film on TiN using Rigaku Smartlab XRD 

and National Synchrotron Light Source II at Brookhaven National Lab. The TE-TiN was 

removed before the measurements. (a) GIXRD in-plane and out-of-plan diffraction pattern with 

0.5° incident angle measured with Rigaku Smartlab XRD. (b) GIWAXS measurements were 

performed by synchrotron light source at BNL with 0.1° incident angle using two different beam 

sizes. Smaller beam size shows lower intensity, but higher q resolution compared to bigger beam 

size. (c) Incidence angle dependence of GIWAXS spectra measured using 2 μm microbeam 

condition. Kim, J.-H. The University of Texas at Dallas, Richardson, TX, Unpublished data, 

2023. 
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Figure 5. Synchrotron GIWAXS patterns of (a) TALD and (b) PEALD HZO films prepared via 

the PMA process at 300–400 °C. (c) Relationship between the d-spacing of 

O(111)/T(101)/C(111) phases, as extracted from the synchrotron GIWAXS patterns, and the 2Pr 

values of TALD and PEALD HZO films prepared via the PMA process at 300–400 °C. 

Reprinted with permission from ref 58. Copyright 2021 AIP Publishing, licensed under a 

Creative Commons Attribution (CC BY) license.  
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Figure 6. P–E hysteresis curves for MFM capacitors with 10-nm-thick (a) TALD and (b) 

PEALD HZO films. (c) Relationship between the process temperature and the 2Pr values 

extracted from the P–E hysteresis curves of the TALD and PEALD HZO films. (d) Endurance 

properties of MFM capacitors with TALD and PEALD HZO films after the PMA process at 300 

and 400 °C. The PUND measurements were performed to evaluate the Psw during field cycling. 

Reprinted with permission from ref 58. Copyright 2021 AIP Publishing, licensed under a 

Creative Commons Attribution (CC BY) license. 
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Figure 7. Cross-sectional TEM images of (a) w/o and (b) ZrO2-10-nm MFS capacitors after the 

PMA process at 300 °C. (c) GIXRD patterns of the PMA-treated w/o and ZrO2-10-nm MFS 

capacitors. Endurance properties of (d) a w/o MFS capacitor and (e) ZrO2-2-nm and ZrO2-10-nm 

MFS capacitors after the PMA process at 300 °C. Reprinted with permission from ref 121. 

Copyright 2022 AIP Publishing, licensed under a Creative Commons Attribution (CC BY) 

license. 
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Figure 8. P-E hysteresis curves of TiN/HZO/TiN capacitors (a) annealed at 350-500°C for 1 

hour and (b) annealed at 350°C for 1-5 hours. Reproduced with permission from ref 26. 

Copyright 2023 KIEEME. 
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Figure 9. Schematic illustration of the fabrication process and P-V hysteresis curves of 

TiN/HZO/TiN capacitors annealed at 300°C using HPA, RTA, and furnace. Reproduced with 

permission from ref 25. Copyright 2021 AIP Publishing. 
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