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HfO,-based thin films and devices have attracted considerable
interest owing to their outstanding properties, such as high dielec-
tric constant, robust ferroelectricity, wide bandgap, excellent ther-
mal stability, and full compatibility with complementary metal-
oxide-semiconductor (CMOS) processing. As a high-k gate dielec-
tric, HfO,-based films have already replaced SiO, in certain
advanced CMOS technologies, facilitating the development of
faster, smaller, and more energy-efficient integrated circuits. In
particular, the discovery of ferroelectricity in doped HfO, thin
films in 2011 further established HfO,-based ferroelectrics as
promising candidates for next-generation memory technologies
[1,2]. Their advantages are evident: 3D conformable HfO, films
can be deposited by atomic layer deposition (ALD) and crystallized
at CMOS-compatible low temperatures, and robust ferroelectricity
is maintained at thicknesses <10 nm. These characteristics make
them highly suitable for nonvolatile memory, negative-
capacitance transistors, etc., offering the prospects of higher speed
and lower power consumption for CMOS devices. Hence, industrial
progress is also evident: for instance, in 2023, Micron Technology
introduced a 32 Gb high-density ferroelectric random-access
memory (FeRAM) device based on ferroelectric HfO,, exceeding
the ~16 Mb capacity of commercial perovskite-based FeRAMs
and highlighting its scalability [3].

Despite the above promising development, several critical ma-
terial challenges must be addressed to achieve widespread
commercialization. 1) ALD-grown HfO, thin films often contain
mixed crystalline phases, including the metastable ferroelectric
orthorhombic (o) phase, non-polar tetragonal (t) phase, and
monoclinic (m) phase which degrade ferroelectric performance.
2) The evolution of the phase composition during electric field
cycling can lead to the issues of “wake-up” and “fatigue”. 3) High
coercive fields (often >1 MV/cm) require high operating voltages
and raise reliability concerns.

This special issue of the Journal of Materiomics is dedicated to
advances in stabilizing the o phase, reducing coercive fields, and
improving endurance through innovations in material design,
fabrication processing and device architectures. Key contributions
include:

Achieving stable ferroelectricity in HfO, requires control over
phase fractions and domain structures, defect chemistry (particu-
larly oxygen vacancies), mechanical stress and crystallographic
texture, as well as interfacial bonding and band alignment, to
manage leakage conduction and imprint behaviors. Electrodes
play an essential role by influencing mechanical boundary condi-
tions, crystallographic texture, Fermi-level alignment and
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interfacial redox reactions. Qijun Yang et al. conducted compara-
tive scanning transmission electron microscopy (STEM) studies
on TiN and Pt top electrodes. They revealed that the lower thermal
expansion coefficient of TiN and its ability to accommodate oxygen
help stabilize the o phase in Hf;_4ZryO, (HZO) [4]. Kun Yang et al.
found that the selection between (111)-textured o«-W and (200)-
textured B-W influences HZO texture [5], and the oxygen activity
in Ru electrodes affects vacancy concentrations in HZO [6], ulti-
mately affecting polymorphic phase composition, remanent polar-
ization and coercive field. Han Sol Park et al. proposed an
interesting bilayer electrode strategy that combines stress engi-
neering with interfacial oxidation control, improving film
morphology and reliability [7]. Designed AlOy interlayers offer an
additional means to control grain size and vacancy concentration
in HZO, as demonstrated by Xin Liu et al., which can effectively
suppress leakage current by orders of magnitude and fine-tune
the balance between o and t phases [8].

The selection of ALD precursors and deposition temperature
significantly influences film properties. Seong Jae Shin et al. re-
ported that cyclopentadienyl (Cp)-based heteroleptic precursors
allow ALD deposition at higher temperatures than Tetrakis(ethyl-
methylamino) (TEMA)-based precursors, resulting in denser films,
larger grains, reduced tensile stress, and wake-up-free ferroelec-
tricity down to ~5 nm [9]. Thermal processing during RTP is also
critical. Jiachen Li et al. applied an electric field during RTP to pro-
mote favorable domain alignment and achieved a notably low co-
ercive field (~0.79 MV/cm), higher remanent polarization and
improved switching speed and endurance [10].

In addition to ALD, sputtering and pulsed-laser deposition
(PLD) can offer unique insights and alternative processing capabil-
ities. Takanori Mimura et al. achieved epitaxial HZO without sub-
strate heating or post-annealing through precise control of RF
sputtering power and thickness [11]. Yuhao Yue et al. proposed a
charge-balance strategy for Sm-doped HfO, grown on SrRuOs
(SRO) using PLD, where acceptor doping introduces holes and
termination-controlled SRO supplies electrons, collectively
enhancing o phase fraction, polarization, and retention/endurance
characteristics [12].

In summary, the contributions in this Special Issue aim at
addressing the metastability of HfO,-based ferroelectrics from
multiple perspectives and help advance their application poten-
tial. We highlight three promising research directions. 1) Joint-
design of electrodes, interlayers and ferroelectric layers based on
controllable interfacial properties, such as oxygen chemical poten-
tial, elastic compliance, and work function etc., could enable pre-
dictive phase manipulation. 2) Besides temperature and duration
during RTP, other manipulation parameters (e.g., in situ electric
fields or annealing pressure), should be treated as key process
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variables. 3) Development of advanced ALD strategies, including
new precursor chemistries and cycle-by-cycle control of precur-
sors for precise control of composition distributions, will be crucial
for achieving high-performance ultrathin HfO,-based films.

We thank all authors for their rigorous work and mechanistic
insights. Their contributions significantly advance this rapidly
evolving field by linking performance improvements to funda-
mental principles of phase stability, interface chemistry, and
defect control, as well as by aligning these principles with
industry-compatible processes. We hope these findings inspire
further innovations toward low-voltage, high-endurance HfO,-
based ferroelectric devices for highly integrated systems.
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