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Recent progress on defect-engineering in
ferroelectric HfO,: The next step forward via
multiscale structural optimization

Fengjun Yan, @22 Yao Wu,? Yilong Liu,® Pu Ai,? Shi Liu, ©° Shiging Deng, ¢
Kan-Hao Xue, @22 Qiuyun Fu®® and Wen Dong*®°

The discovery of unconventional scale-free ferroelectricity in HfO,-based fluorite thin films has attracted
great attention in recent years for their promising applications in low-power logic and nonvolatile
memories. The ferroelectricity of HfO, is intrinsically originated from the widely accepted ferroelectric
metastable orthorhombic Pca2; phase. In the last decade, defect-doping/solid solution has shown
excellent prospects in enhancing and stabilizing the ferroelectricity via isovalent or aliovalent defect-
engineering. Here, the recent advances in defect-engineered HfO,-based ferroelectrics are first
reviewed, including progress in mono-ionic doping and mixed ion-doping. Then, the defect-lattice
correlation, the point-defect promoted phase transition kinetics, and the interface-engineered dynamic
behaviour of oxygen vacancy are summarized. In addition, thin film preparation and ion bombardment
doping are summarized. Finally, the outlook and challenges are discussed. A multiscale structural
optimization approach is suggested for further property optimization. This article not only covers an
overview of the state-of-art advances of defects in fluorite ferroelectrics, but also future prospects that
may inspire their further property-optimization via defect-engineering.

Novel scale-free ferroelectrics in fluorite metal oxides have attracted much attention due to its unconventional ferroelectric origin, compatibility with CMOS
technology, and robust remnant polarization. HfO,-based ferroelectrics show distinct ferroelectricity from the metastable polar phase compared with

conventional ferroelectrics. More importantly, doping and oxygen vacancies are vital in the formation of ferroelectric metastable phases. Sophisticated doping
defects can generally induce/enhance the ferroelectricity of HfO, films via trivalent or tetravalent ion doping or solid solution, including Si, Al, Gd, La, Sc, Y, Zr,
and Ce. Further development of the HfO,-based ferroelectric memories should face challenges from the stable control of the ferroelectric metastable phase,
coercive field, wake-up and fatigue effects. Defect-engineering would be vital to provide a promising way to solve these challenges and requires more attention.
Currently, a review discussing the correlation between lattice atoms, point defects, interfacial defects and ferroelectric polarization at different structural scales
is still missing. We found that defects on a different structural scale would distinctly affect the ferroelectric performance. We thus suggest that it is necessary to
understand/build the coupling law of an atomic lattice, defect dipole, ferroelectric domain, heterogenous interface, and ferroelectric polarization in order to

overcome these challenges.

1 Introduction
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been of interest to the research community for decades. Ferro-
electric devices are widely used in ferroelectric memories,
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piezoelectricity and pyroelectricity." Traditional perovskite
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(BTO) and SrBi,Ta,0, (SBT), to be used in ferroelectric mem-
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with CMOS processes® and size effect since the ferroelectric
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Fig. 1 The recent progress in defect-engineered ferroelectric HfO, from various aspects. The lattice structure of the o-phase.” Mapping of reported
typical maximum remnant polarization values in pure and doped fluorite-based metal oxides MO, (M = Zr, and Hf) with different dopants.® Energy
landscape of bulk HfO, as a function of the amplitudes of three different lattice modes.® The green, magenta, and red colors represent the o-, m-, and t-
phase regions, respectively.’’ The STEM image of the domains (mutually rotated by 180° about [111]) in the r-phase.*

performance degrades sharply at thicknesses less than 70 nm.>*®
The exploration of non-perovskite ferroelectric thin films has
become a potential breakthrough point. Fig. 1 below illustrates
the progress of multifaceted research on defect-engineered ferro-
electric HfO,.

In 2011, T. S. Béscke et al.'? found the ferroelectricity in non-
centrosymmetric orthorhombic hafnium oxide (HfO,) thin film
materials prepared by atomic layer deposition (ALD), and
silicon-doped HfO, also exhibit good ferroelectricity. The novel
ferroelectrics in fluorite metal oxides have attracted much
attention due to their compatibility with CMOS technology®'?
and robust remnant polarization with no size effect at the
nanoscale (~50 pC cm ?),"*"” which is significantly higher
than that of BTO (~ 26 pC cm>)."® Moreover, the low synthesis
temperature, good thermal stability and corrosion resistance,’
higher coercive field*® and much slower ferroelectric domain
moving?' expand the applications in electronic devices.

However, HfO,-based ferroelectrics show distinct ferroelec-
tricity compared with conventional ferroelectrics. From
the aspect of phase structures, there are eight polymorphous
phases (Fig. 2) in HfO,-based thin films reported both

This journal is © The Royal Society of Chemistry 2024

experimentally and theoretically, including the room tempera-
ture monoclinic (m) P2,/c phase (the only stable phase in most
reports), high temperature tetragonal (t) P4,/nmc (a parent
phase of Pca2; and P2,/c) and cubic (c) Fm3m phase (highly
centrosymmetric), high pressure fluorite CaF,-type antipolar
phase, and disordered orthorhombic (o) Pbcm phase, and
cotunnite (PbCl,)-type Pmnb phase.’ It is widely accepted that
their ferroelectricity originates from a metastable polar ortho-
gonal phase Pca2,°°*® rather than the Pmn2, phase,”””** and an
epitaxially-engineered rhombohedra phase like (r) R3 or R3m
has also been found through experiments and theoretical
calculations.?®?%3% Additionally, an antiferroelectric phase
called Pbca,*®* and another nonpolar Pbca phase exists only
under high pressure.”® These confusions and uncertainties
stem from the multiphase structural properties of HfO, and
the complexity in its nanoscale characters. Recently, the dis-
covery of scale-free ferroelectricity’® and flat polar phonon
band’ has greatly advanced the understanding of the ferroelec-
tricity in HfO, from an average structure, which fundamentally
explains the distinct polarization origin and higher coercive
field. The scale-free ferroelectricity would enable high-density
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information memory
doping,*®**7# deposition substrates,
internal stress,*"*> oxygen vacancies,*>** surface energy*® and
electric fields*® will all affect the formation and stability of its
ferroelectric metastable phase, remanent polarization, coercive
field, wake-up and fatigue effects and other ferroelectric
behaviors.

From previous analysis, unlike the traditional perovskite
ferroelectrics, doping and oxygen vacancies play a very impor-
tant role in the formation of ferroelectric metastable phases in
HfO,-based thin films. Sophisticated doping defects can gen-
erally induce/enhance HfO, films via trivalent or tetravalent ion
doping or solid solution, including Si,**> AL,*® Gd,*” La,*® Sc,*’
Y,’ Zr,'® and Ce.?® In 2021, Xu et al.’ reported that ferroelectric
metastable phase Pca2; and antiferroelectric phase Pbca were
formed in Y-doped HfO, single crystals. Theoretical calcula-
tions show that Y-doping plays a key role in the formation of
the ferroelectric metastable phase, but there is a lack of in-
depth analysis and research on defects. From a material level
point of view, further development for applications of the HfO,-
based ferroelectric memories should face challenges in stability

applications. More importantly,
3940 covered electrodes,?
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control of the ferroelectric metastable phase, lowering the
coercive field, and wake-up and fatigue effects, and defect-
engineering would be vital to provide a promising way to solve
these challenges.

There have been numerous review articles discussing the
ferroelectricity in HfO,-based systems,’*>* while the correla-
tion between lattice atoms, point defects, interfacial defects
and ferroelectric polarization is still missing. To address the
various issues on the progress of the defects in HfO,-based
ferroelectrics, we summarized the state-of-art studies on the
defect doping engineering in this novel material system. In this
article, we focus on the defect-engineering in HfO,. Currently,
most research studies mainly focus on mono ion doping.
Among all the defect-modulated ferroelectric properties, the
thermodynamics of oxygen vacancy is vital to kinetically stabi-
lize the metastable orthorhombic phase and promote the phase
transition. Meanwhile, mono ion doping (i.e. Sc, Al) is vital to
control the oxygen vacancies due to charge balance, and
research into the mixed ion-co-doping is expected in the future
for its ability to enhance endurance. Moreover, we show that
ionic doping can also introduce local distortion and modulate a

This journal is © The Royal Society of Chemistry 2024
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polar phonon band. Based on this review, we suggest that in
order to understand the correlation between defects and fer-
roelectricity, it is necessary to understand/build the coupling
law of atomic lattice, defect dipole, ferroelectric domain, het-
erogenous interface, and ferroelectric polarization. We hope
this article will encourage the readers to re-consider the opti-
mization strategy of HfO,-based ferroelectrics and provide
guidance on how to take advantage of point-defects to improve
the HfO,-based information storage devices.

2 Ferroelectric origin in HfO,

Since the discovery of the ferroelectricity in Si doped HfO,,
endeavors have been made to understand the unconventional
ferroelectricity origin and optimize the ferroelectric properties
of the fluorite structure. Most works report films grown by
atomic layer deposition which are polycrystalline and contain
multiple phases (m-phase, t-phase and o-phase etc.). It is well
recognized that the ferroelectricity of HfO, originates from the
ferroelectric metastable phase in terms of average structure.
Currently, it has been demonstrated that among HfO,-ZrO,-
based thin films, orthorhombic Pca2,; (Pbc2, in some
references)'>**>® and rhombohedral R3m***°>> phases also
exhibit ferroelectric behavior in recent studies. The former is
widely accepted by researchers and the latter was recently found
is some special situations like under large strain and stress, high
concentration doping and even an unbalanced Hf/Zr-O ratio.

2.1 Orthorhombic phase

The polar orthorhombic phase (Pca2;, o-phase) was first
reported for Mg-doped ZrO, when cooled to cryogenic
temperatures.®® This polar phase is widely considered to be
the origin of the recently reported structures based on the
ferroelectric HfO, thin films and there are also a large number
of experimental and theoretical studies.****>*® Among all
potential fluorite crystal structures, the orthorhombic ferro-
electric (o-FE) phase is the most commonly accepted one to give
rise to ferroelectricity.

To verify the o-FE phase, Xu et al.’ used a neutron diffraction
pattern combined with refinement to determine the phase and
lattice parameters of 12% HfO,:Y single crystal. The observed
diffraction intensities in Fig. 3a are reliably fitted by the 100%
o-FE orthorhombic phase with lattice parameters of a =
5.1019 A, and b = 5.154 A (Fig. 3a). Fig. 3b shows the calculated
energy landscape of bulk HfO, as a function of the amplitudes
of several characteristic modes corresponding to the stable or
metastable t, m, 0-AP, and o-FE phases based on density
functional theory calculations. High-angle annular dark-field
(HAADF)-STEM analysis displayed a strong contrast associated
with the heavy Hf atoms. Both the o-FE phases with a boundary
along [100]/[001],.s¢ can be directly observed, showing irregu-
larly shaped ab and bc twin domains and a curved domain
wall.?

To better visually characterize both the crystal orientation
and phase information with high spatial resolution (~2 nm),

This journal is © The Royal Society of Chemistry 2024
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Lee et al.'® used a TEM precession electron diffraction (PED)
technique for two-dimensional mapping (Fig. 3e). As shown in
Fig. 3f-g, for a ~4 nm thick film, the two-dimensional map-
ping image shows a mixture of ~80% o-phase and ~20%
m-phase. While, Fig. 3h-i show the formation of a mixed phase
of 65% o-phase and ~35% t-phase, in which the nonpolar m-
phase is suppressed in ~2 nm thick film. This indicates that
the increased surface energy at reduced dimension prefers the
formation of the t-phase, as the present phase of the o-phase,
which have a lower surface energy than the m-phase. These
results from both theoretical and experimental analysis suggest
the formation of a metastable o-FE phase gives rise to the
ferroelectricity in the polymorphic nature of the HfO,-based
fluorite system.

2.2 Rhombohedral phase

In addition to an orthorhombic ferroelectric phase, a rhombo-
hedral phase has also been determined in the abraded surfaces
layer under the stress of partially stabilized zirconia,”” How-
ever, no electrical properties were reported in these studies. As
shown in Fig. 4a-d, the rhombohedral phase was obtained on
epitaxial Hf,5Zry50, films grown on SrTiO; (STO) by Wei
et al.>’ Both the high energy rhombohedral (r-) phase (R3m or
R3) and spontaneous polarization (Ps = 34 pC cm ?) were
observed in the HfO,-ZrO, system, but at the same time the
films showed greater coercivity than the polar o-phase. The
internal pressure of the nanoparticles induced by the large
surface energy and the compressive strain exerted by the
substrate, are suggested to work together to stabilize the
r-phase.?" The presence of the rhombohedral phase was later
seen in HZO epitaxial films®® and HfO,-Sc,0; solid solutions
films®® grown on silicon where lattice distortion also shows the
stabilizing effect of compressive strain on the r-phase.

In addition, in conjunction with the structure of the r-phase
shown by experimental observations, Zhang et al.*° also derived
the result from theoretical calculations that under in-plane
compressive strain (Fig. 4e and f), the [111]-oriented R3m phase
exhibits a vertical long and short Hf-O bonding order, which is
important for the origin of the ferroelectricity. The R3m phase
HfO, films leading to the emergence of ferroelectricity are
stabilized by the combined effect of size and strain.

However, a recent experiment in the R3m phase showed
another possibility for achieving stable ferroelectricity in HfO,-
based thin films. Wang et al.** discovered rhombohedral ferro-
electric Hf(Zr);,,0, rich in hafnium-zirconium [Hf(Zr)], which
means a higher ratio of Hf/Zr-O. The unbalanced Hf/Zr-O ratio
expands the lattice and increases the lattice stresses, which
stabilize both the rhombohedral phase (r-phase) and its ferroe-
lectricity. It seems that the lattice strain and stress originated
from the unbalanced Hf/Zr-O ratio play a critical role in
stabilizing the r-phase, but there are still few studies on this
and more efforts are required.

Although recent studies have shown much evidence on the
r-phase, there are still numerous problems that ought to be
explored such as the stabilization mechanism and the

Mater. Horiz., 2024, 11, 626-645 | 629
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Fig. 3 (a) A representative neutron diffraction pattern against momentum transfer Q (A=Y to reveal the o-FE phase of the 12% Y doped HfO, single
crystal. (b) Energy landscape of bulk HfO, as a function of the amplitudes of three different lattice modes. Here, Qp is the amplitude of a polar mode, and
Qa1 and Qa; are the amplitudes of two different antipolar modes. (c) and (d) HAADF-STEM image along [100]/[001],-ge, showing irregularly shaped ab and
bc twin domains and the curved domain wall. The domain walls indicated with dashed lines are added as a guide to the eye. The o-FE models are
superimposed (Hf, yellow; O, blue and red). Scale bar, 1 nm.° (e) Schematic of the TEM PED technique. (d)—(f) Index maps and (e)-(g) corresponding
phase distribution maps for (f) and (g) 4- and (h) and (i) 2-nm-thick HZO films obtained through TEM PED measurements. In panels (g) and (i), the green,
magenta, and red colors represent the o-, m-, and t-phase regions, respectively. The scale bars in panels (d)-(g) represent 100 nm.*°

ferroelectricity origin of the r-phase, and how a lower wake-up ferroelectric polarization switching. Therefore, the polarization
effect, better coercive field and high endurance are realized. switching mechanism cannot be avoided on the way to under-
standing the ferroelectricity origin. As typical ion-displacement
ferroelectrics, polarization switching mainly relies on the shift-
To realize ferroelectricity, a double-well potential should exist ing of polar O atoms for HfO, and its variants under external
in hafnium-based ferroelectrics, which means a feasible stimuli such as an electric field. However, the switching

2.3 Polarization switching mechanism

630 | Mater. Horiz., 2024, 11, 626-645 This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Plane-view SAED pattern from a 9-nm-thick HZO sample. (b) Cross-sectional HAADF-STEM image (corrected for sample drift) of the 9-nm-

thick HZO film, observed along the [110] zone of the substrate (¢ = 45°). Inset (left): Fourier transform of the [111] domain. (c) Representative cross-
sectional HAADF-STEM image (drift-corrected) of a 4-nm-thick film, observed along the zone axis defined by ¢ = 15°. (d) HAADF-STEM image observed
along STO [100], revealing a clear interfacial t-phase of HZO. (e) Computed polarization of the R3m phase of HZO as a function of dyy;. (f) Two views of
the R3m phase obtained for epitaxially compressed HZO and HfO, and detailed view of the Hf/Zr—O groups that characterize the R3m structure. Green

(cyan) spheres represent Hf/Zr (O) atoms. The arrows show the polar distortion.>*

mechanism is still under debate. Since the Pca2, and Pmn2,
phase were suggested as the orthorhombic phase,”” the ion-
displacement of polarization switching in HfO, or ZrO, and
their variants is widely studied.>®®*® Different pathways for
uniform switching and opposite domain wall motion were also
studied in our recent work.**

Currently, most studies are focused on the ferroelectricity in
the ferroelectric phase of Pca2,. Thus, the polarization switch-
ing mechanism on this metastable phase is discussed here. In
2014, the energy barrier of polarization switching was firstly
calculated to around 0.4 eV using the NEB (nudged elastic
band) method,® which opens up the way to understanding the
atomic level evolutions of polarization switching, but the con-
ventional NEB method cannot precisely describe the solid state
transitions, moreover, the pathway referring to 0.4 eV is not the
only shifting choice for active O atoms. Unlike the perovskite
materials, there are more than 2 ideal pathways on polarization
switching which have been proved in different theoretical
studies as shown in Fig. 5a and b.

This journal is © The Royal Society of Chemistry 2024

However, these reports are mainly based on Hf/ZrO, or their
variants, and little attention has been paid to explore the
defect effects on the polarization switching mechanism. More-
over, the recently developed variable cell solid state NEB
method fixed the deficiency of NEB in the solid state
transition.®® Recently, Silva et al.®” reported a epitaxial orthor-
hombic phase in La doped HfO, films with a constantly
decreasing coercive field for 2-5 at% La-doping and suggested
that the reason is the defects of doping lower the energy
barrier in different pathways of polarization switching in the
domain wall as shown in Fig. 5c and d, and could lead to a
large polarization value (~70 uC cm™2). In general, the polar-
ization switching pathways are very clear by slight shifting of
the B atom in traditional perovskite ferroelectrics (such as
ABO3), but it is opposite in HfO, as a large movement of polar
atoms will lead to different pathways divided to moving
through the Hf atomic plane or not. This behavior will lead
to a more sophisticated ferroelectric origin, especially under
the defect effect.

Mater. Horiz., 2024, 11, 626-645 | 631
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(a) Crystal structures of orthorhombic Pca2; HfO, and their polarization relationships under the defects of MRX (M =Sr, Ta, Y; R=0, S, I; X=N, F,

Br, 1) (b) The top panel is the transition states (including T, and T, different variants of P4,/nmc and Pbcm) and the transition order of polarization
switching in HfO,.%2 (c) Comparison between La doped and undoped switching energy barriers for the crossing and non-crossing paths of a nucleation
process. (d) Representation of the O/O interface in a La (green atom) doped 6 x 1 x 1 HfO, supercell. The distorted domain considered for the switching

barrier calculation is highlighted by the blue dashed rectangle.®’

So far, there are few studies on defect-induced polarization
switching, but the defect engineering in hafnium-based ferro-
electrics can be a next breakthrough for understanding the
polarization origin of HfO,. In addition, the polarization
switching mechanism of the r-phase is still unclear and
deserves more exploration.

2.4 Flat phonon band in fluorite ferroelectrics

Though the metastable ferroelectric phase gives rise to HfO,-
based ferroelectricity, its unique properties, such as a much
higher coercivity and scale-free ferroelectricity, are still not
clear at an atomic level. Using first-principal calculations, Lee
et al.” found that the flat bands of polar phonons and conse-
quent localized dipoles induce scale-free ferroelectric ordering
in HfO, (Fig. 6). The flat bands of electrons, photons, and
magnetic oscillators cause singular phenomena, but the flat
polar phonon bands and their consequences in ferroelectrics
are unknown. The appearance of flat phonon bands in HfO,
explains the origin for its scale-free ferroelectricity. The unique
flat polar phonon band with a periodic nonpolar/polar/non-
polar sandwich structure, gives rise to high coercivity and scale-
free ferroelectricity.

As shown in Fig. 6a-e, the flat polar phonon bands induce
stable independently switchable dipoles. The phonon disper-
sion in Fig. 6a indicates that the X’ mode corresponding to the
cubic structure is unstable due to the negative value of the
mode frequency. Meanwhile, the modes at I'{5 and Y% are stable
and they condense in-phase with equal magnitude to generate
an orthorhombic structure that consists of alternating spacer

632 | Mater. Horiz., 2024, 11, 626-645

layers and ferroelectric layers with up (top) and down (bottom)
polarization, respectively. The flat phonon in Fig. 6f shows the
full phonon spectra of the HfO, where flat phonon bands in the
vibration lattice mode are shown in the inset image. The polar
and antipolar modes condensed in orthorhombic HfO,, giving
rise to periodic antipolar/polar/antipolar sandwich structures.
As shown in Fig. 6g, the diagram demonstrates the reduction of
symmetry from the cubic structure, where condensation of the
main phonon modes (X}, I'{s, Yz) transforms the cubic phase
into a tetragonal structure, and the z-directional shift of the
oxygen atoms in the phonon modes gives the structure a
uniform polarization, driving it towards the orthorhombic
phase and forming the dead layer. This differs from conven-
tional ferroelectric materials in that the domain walls separat-
ing the 180° polar structural domains in PbTiO; are diffuse,
wide and the polarization is suppressed in their vicinity. How-
ever, the elastic interactions between the HfO, ferroelectric
domains are shielded by the spacer layer, which also explains
the scale-free ferroelectricity in HfO, films with even sub-
nanometer thickness. The zero-width domain is further indi-
cated by the energy landscape in Fig. 6g. The emergence of flat
phonon bands in HfO, provides a missing link to extend those
exotic phenomena to ferroelectrics.

From the above results, we can see from both the experi-
mental and theoretical results, the metastable orthorhombic
Pca2, phase is mainly responsible for the appearance of ferroe-
lectricity in HfO,. While, by epitaxially growing the HfO, on a
rhombohedral substrate, one can induce a rhombohedral
phase in HfO, due to the interfacial proximity effect. However,

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 In orthorhombic HfO,: structural origin of alternating ferroelectric and nonpolar layers, flat-band and zero-width domain walls, and robust
stability of wide ferroelectric domains in half-unit cells. (@) Phonon dispersion of the cubic phase. The red dots labeled b, ¢, and d denote the primary
instability of (b) X, mode, (c) I'is, and (d) Y£, respectively, where arrows denote u, the displacements of oxygen atoms. (e) Polar I'fs and antipolar Y2
phonons condense in-phase with equal magnitude to generate an orthorhombic structure that consists of alternating spacer layers and ferroelectric
layers with up (top), and down (bottom), polarization, respectively. Silver spheres indicate Hf atoms; red and blue spheres indicate oxygen atoms in the
ferroelectric layer with up and down polarization, respectively; and green spheres indicate oxygen atoms belonging to the spacer layer. (f) This is because
of its low energy cost (g ~ 0) guaranteed by the flatness of polar phonon bands involving the polar and antipolar modes condensed in orthorhombic
HfO,. Flat polar bands are indicated with black and red lines, and eigenmodes at I" and Y in the bands are depicted in the insets. This flatness of the bands
in HfO, is in sharp contrast to a dispersive band in PbTiOs. (g) The atomic structure of the domain wall and variation in local polarization along the
direction perpendicular to the domain walls in HfO,. Red and black lines correspond to the local polarization averaged over their half- and single-unit
cells, respectively. (h) Energy along the path of polarization switching of HfO,, starting from the uniformly polarized structure to a state with reversed
polarization in two layers.”

it is still not clear enough how the metastable ferroelectric behaviour of point defects will be presented to further under-
phase can be stabilized. Considering the appearance of the stand the ferroelectric properties of HfO,.
ferroelectricity in HfO, is originally observed from Si doped
HfO, and the metastable orthorhombic phase easily obtainable
in doped HfO,, the doping defect and its relation to ferroelec-  Since the earliest reports of the ferroelectric properties of
tricity is thus another missing link to extend their unique Si-doped HfO,, tremendous studies have reported the effects
phenomena to ferroelectricity origin. of different doping ions on the HfO,-based ferroelectricity. As
shown in Fig. 7, a periodic table is present with a solid element
3 Defect-modulated ferroelectricity diagram to indicate the element that has been used. However,
the mechanism of mono-ionic doping is still ambiguous to
From the discovery of Si doped HfO, to rare earth element realize the ferroelectricity.
doped HfO, and to HZO solid solution, doping defects have Fig. 8a shows the typical polarization hysteresis loops of the
been widely used to induce and improve the ferroelectricity in HfO, doped with different kinds of elements, including Zr, Si,
HfO,-based ferroelectrics.'*® In this part, we will first review Sr, Al, and rare earth elements (i.e. La, Y, Gd).® The P, value of
the literature about the mono-doping engineered ferroelectri- the doped HfO, first increases as the doping level increases and
city in doped HfO, and HZO solid solution. Then, the ferro- generally reaches its maximum at a critical doping level
electric polarization dynamics associated with the defects will ~(Fig. 8b). For Ge and Zr doping, a much higher doping
be summarized. Finally, the interface-assisted thermal dynamic ~ concentration is required.® Sangita et al. suggest that small

3.1 Mono-ionic doping
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Fig. 7 Elements that have been shown to induce ferroelectricity in HfO, in the laboratory (red for radioactive elements). A solid element diagram

indicates that the element has been used to dope the HfO, system.

ions like Si can adopt very stable configurations to form layers
within specific crystallographic planes in the ferroelectric
o-phase, but comparatively less so in the nonpolar monoclinic
one. For Si or Ge doping, the shorter Si-O and Ge-O bonding
would favor the formation of a tetragonal structure which leads
to four shorter or longer Hf-O bonds according to theoretical
calculations.®*”® Al, and other IIIA elements, have a large ionic
radius and are generally doped as trivalent, which is conducive
to the introduction of oxygen vacancies. Doped ions and oxygen
vacancies play a role in both structural stabilization and
induced polarization. The same is true for rare earth elements
with larger radii, and the results of the experiments illustrate
their advantages. Moreover, the dopant ordering is interestingly
found to yield a FE ground state and the usual paraelectric
phase becoming a higher-energy metastable polymorph.”
More recently, Xue et al.®® further suggest that the ionic radii
and coordination number of the doped HfO, would have a
significant impact on the origin of the ferroelectricity and the
switching path that finally relates to the fatigue phenomena.
The coordination number in ionic compounds is specified
according to the bond angles, and anions considered as close
neighbors of cations should have bond angles of not less than
65°, which is more in line with the case of various elements
with different ionic sizes, and is another feasible aspect to
understand to defects effect.®

In addition to the experimental work available, theoretical
work is also being carried out extensively. Rohit et al.*® studied
the effect of nearly 40 dopants on the stabilization of the polar
Pca2, phase by theoretical calculations. They predicted that the
lanthanide series metals, the alkaline earth metals (Ca, Sr, and
Ba) and Y as the most suitable dopants to promote ferroelec-
tricity in hafnia (Fig. 8c). We summarized all the current data
for the remnant polarization depending on the ionic radius for
different dopants. La, Tm, and Al are favorable for inducing

634 | Mater. Horiz., 2024, 11, 626-645

much higher P, of over 40 uC cm 2. While Al doped HfO, shows
a coercive field (~4 MV cm™')*® about two times larger com-
pared with that of the La doped case (~2 MV cm ™ ').° Rare earth
elements, such as Sc and Y, can generally be helpful to drive the
HfO, phase transition to the o/t/c phase. Si and Ge are able to
induce antiferroelectric behaviour, which has not been
observed in N, Sc, and Y doped cases.

It is also worth noting that the transition from the t-phase to
ferroelectric o-phase during the wake-up of Si-°* or Zr-doped®®
HfO, may be accompanied by an anti-ferroelectric (AFE)-like
behaviour and the appearance of double peaks in the polariza-
tion current loop, which can be suppressed by changing the
doping concentration and which also occurs in similar ZrO,
structures.®® This is consistent with the doping induced ferroe-
lectricity associated with an enlarged ratio of dopants.>*”7>78°
This is significantly different from that of the conventional
perovskite ferroelectrics where dopants generally can’t easily
induce a nonferroelectric-ferroelectric phase transition.

3.2 Zr doping in HfO,

Zr is an element with relatively close properties to Hf, though it
looks like doping Zr into the HfO,, the doping level of Zr can be
over 20% to form HfO,-ZrO, solid solution, which makes it
different to that of the normal mono-doping cases, with a
doping level generally below 10%. Moreover, their binary oxides
have similar configurations and are widely applied in HfO,-
based ferroelectrics,’ so the Zr doping and Hf,Zr; O, (HZO)
system is described here separately. The introduction of Zr
elements is of great importance in regulating the properties
and saving costs, and HZO solid solution is a very important
one in hafnium oxide based ferroelectric materials. As shown in
Fig. 9a, ferroelectricity can be achieved in mixed HZO,’® while
Si doped HfO, also shows a doping-level-dependent antiferro-
electric to ferroelectric transition (Fig. 9b and c).>*> Among the

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) Hysteresis lines for TiN/8-10 nm X:HfO, (X =Y, Si, Gd, La, Sr, Al) or HfZrO4/TiN capacitors with X in HfO, < 10 mol% and a maximum P,

of ~45 uC cm™2 was obtained for films of La:HfO,.® (b) Switchable polarization PSW of 27 (+2) nm HfO, films is shown as a function of doping
concentrations for different dopants: Sc, Y, Si, Ge, Zr, and N.”? (c) Three stages of dopant element selection by DFT calculation.*® Remnant polarization
depending of the ionic radius for different dopants (a six coordination number is used for all elements for the ionic radius). The data points for the rare
earth metals are taken from a previous publication.>”27° |onic radius data are from the table of effective ionic radii by R. D. Shannon.>*

proposed dopants for HfO,, Zr has nearly identical crystal
phases, lattice parameters, and atomic radius as Hf, which
makes its integration into HfO, more feasible. The concen-
tration window where ferroelectricity appears was reported to
be much wider for the HZO system.’® Among the HfO,-based
ferroelectrics, ferroelectric HZO is widely applied due to its
large-scale preparation via atomic layer deposition (ALD).

3.3 Mixed ion co-doping

Both mono-ion doping and HZO solution can be helpful to
stabilize the metastable ferroelectric phase and enhance the

This journal is © The Royal Society of Chemistry 2024

ferroelectricity. Actually, in addition to mono-ion doping,
mixed ion co-doping strategies in defect-engineering, such as
acceptor-donor co-doping and aliovalent ion co-doping, have
been widely used to tune the dielectric behaviour of metal
oxides.”! For example, colossal permittivity behaviour in
acceptor-donor co-doped Ti0,.°>°® One of the interesting
points in co-doping is that the acceptor and donor can mutually
assist the diffusion into the matrix and also that the co-doping
ions can form defect-dipolar clusters where the dipolar
moment can be high enough to affect the ferroelectric
polarization.®”

Mater. Horiz., 2024, 11, 626-645 | 635
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Fig. 9 (a) PV hysteresis at 1 kHz and small signal CV hysteresis at 10 kHz (50

mV level) of 9 nm thin HfO,-ZrO, based metal-insulator—-metal capacitors

at room temperature. An evolution from paraelectric HfO, to ferroelectric HfO,-ZrO, to an antiferroelectric-like behavior in ZrO, can be observed in PV
as well as in CV characteristics.’° (b) Polarization and piezoelectric displacement measurements (double beam laser interferometer) of MIM capacitor

samples with ferroelectric and antiferroelectric HfSiO insulators.®? (c) The
material.”®

Doping two kinds of elements in the HfO, may simulta-
neously open up the possibility of engineering the local distor-
tion and dynamic behaviour of the ferroelectric metastable
phase in addition to mono-ion doping. Patrick et al®®
reported Al + Si co-doped HfO, with remnant polarization of
~20 pC ecm > and enhanced endurance up to 10°® cycles.
Mihaela et al.’® investigated La + Y/Gd co-doped HZO, and as
shown in Fig. 10, the (Y, La) or (Gd, La) co-doped HZO thin
films were found to increase the amount of o- and t- phases
(Fig. 10a and b). Moreover, the cycling experiments indicate
a fatigue free capacitor with remnant polarization over
15 pC em > at 1 x 10" endurance cycles (Fig. 10c and d).
The presence of two dopants is believed to induce a larger
structural distortion within HZO due to the differences in the
ionic radius between both dopants. The distortion-induced
strain can modulate the relative t-/o- phase content, and it is
beneficial for the reduction in the number of high-symmetry
phases and suppresses the monoclinic phase.

3.4 Oxygen migration and phase transitions

The above sections suggest the change in oxygen vacancy
concentration is one of the origins of phase evolution. For
tetravalent dopant like Si, the stabilization of high symmetric
phases may originate from the distortion of the HfO, lattice.
Meanwhile, cooperation of bivalent or trivalent dopants in the
lattice will introduce a significant amount of oxygen vacancies
for charge compensation, which may be the root-cause of
stabilizing high symmetric phases. In addition to electric

636 | Mater. Horiz., 2024, 11, 626-645

concentration of Si doping in ZrO, affects the FE-AFE properties of the

measurements, direct evidence of the thermodynamic beha-
viour of the metastable phase and phase transition in relation
to the oxygen vacancy would be favorable to provide an in-depth
understanding of the role of oxygen vacancies.

As shown in Fig. 11a-c, through direct imaging of oxygen,
Nukala et al.*® provided evidence of reversible and hysteretic
migration of oxygen vacancy (Vo) from the bottom to the top
electrode through the HZO layer. Associated with this migra-
tion, V, induces phase transitions in the LSMO (bottom
electrode) and HZO layers where the intrinsic ferroelectric
switching is intertwined with extrinsic factors of oxygen vol-
tammetry due to thermally activated oxygen migration.'"®”
Fig. 11d shows schematically how the oxygen chemical
potential influences the density of defects in the lattices of
ferroelectric o-HfO, and 0-HZO. Under a pure o-phase without
defects, ideally high ferroelectric polarization can be achieved
due to the ordered dipole moment under an electric field. For
practical polymorph HfO, film and its defects, the ferroelec-
tricity would be poor in oxygen-rich conditions as a low fraction
of ferroelectric O-phase in films. The low fraction of the O-
phase is suggested to be caused by both oxygen-rich conditions
and the negative formation energy of neutral oxygen compared
with the t-phase.’™®” Nico et al.'® reported oxygen vacancy-
induced phase transition from the monoclinic to rhombohe-
dral phase (Fig. 11e). Even recently, based on the lattice-mode-
matching criterion, Ma et al'°’ systematically studied the
phase transitions between different polymorphs of hafnia
under the influences of natural and positively charged oxygen

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Grazing incidence X-ray diffraction (GIXRD) spectra (dot) and data fit (beige line) (a) and the computed phase content of ~12 nm Gd-doped
HZO as a function of the Gd concentration (at%) and of the initial 2P, (b), 2P, (c) and 2E. (d) as a function of switching cycles of several ~9.5 nm HZO

layers doped and/or co-doped with Y and/or La, measured at an applied electric field magnitude of 2.5 MV cm

vacancies using a first-principles-based variable-cell nudged
elastic band method. As shown in Fig. 11f, the atomic displace-
ments of polar oxygen atoms in polar-O phase HfO, are
insensitive to charge-carrier doping, indicating an extremely
charge-carrier inert ferroelectricity of the polar-O phase.
Fig. 11g and h show the comparison of transition pathways
between m (M), t (T), and polar o-phase (O) in the presence of
neutral oxygen vacancies and charged oxygen vacancies, respec-
tively. The much lower energy barrier in the latter one between
the M-O phase transition suggests that the ferroelectric phase
transition is kinetically favored by the charged oxygen vacan-
cies. This demonstrates structural polymorphism kinetics pro-
moted by the charged oxygen vacancies in HfO,, which provide
novel insight in the ferroelectricity origin and would guide
further property optimization in the HfO,-based system.

3.5 Interface-engineered dynamic behaviour of oxygen
vacancy

The above discussion about point defects is generally an
intragrain behaviour where the oxygen vacancies can be com-
positionally modulated by the doping of aliovalent dopants.
The oxygen vacancy migration is suggested to be thermodyna-
mically related to the phase transition in the thin films under
an external electric field. In addition to the compositional
modulation, interface-engineering is suggested to be another
promising way to modulate the thermodynamic behaviour of
the oxygen vacancies.

Recently, Popovici et a reported high-performance La-
doped HZO based ferroelectric capacitors via a cap layer. By

l 103
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incorporating either a 1 nm TiO, and/or 2 nm Nb,Os5 cap layer
in a bilayer (BL) or trilayer configuration as shown in Fig. 12a.
Obvious diffraction peaks indexed with the o-phase can be
observed in the GIXRD pattern, and the increased content of
orthorhombic phase was further confirmed from precession
electron microscopy. The insertion of the TiO, and Nb,Os
interface can obviously enhance the ferroelectricity with higher
P, and reduced wake-up. Endurance of up to 10 cycles with a
final P, of ~15 pC cm™ 2 at 1.8 MV cm ™' can be obtained. The
interface layer Nb,Os is suggested to act as a Vi sink when in
contact with HZO, which can facilitate the desired t-phase to o-
phase transition, while the TiO, is used to enhance the amount
of grains in the preferred o(002) grain orientation. Zhang
et al."** demonstrated that the wake-up and fatigue phenomena
are strongly affected by the interfacial layer-controlled depolar-
ization field that can increase the thickness of the interfacial
layer during electric cycling. The interface layer is suggested to
manipulate the electrical properties of the HZO devices based
on the types of electrode match and hybrid cycling process.

From the above results, it can be determined that the
dopant-induced ferroelectric phase transition is a general phe-
nomenon at a critical doping level in doped HfO,. A higher
doping level is more likely to stabilize the non-ferroelectric
phase. However, among the point defects, oxygen vacancy is
vital for the phase transition and stabilization, especially in
trivalent rare-earth element doped HfO, where generally high
remnant polarization can be achieved. Moreover, the interface
modulated ferroelectricity is rather effective to enhance ferroe-
lectricity and endurance.
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Fig. 11 Overview image of the LSMO/HZO/LSMO capacitor (a) with regions marked where the oxygen content was quantified from EDS (b) at 0 V and
1.5 V. (c) Temperature-dependent P-V loops obtained from dynamic hysteresis measurements at 1 kHz in LSMO/HZO (7 nm)/LSMO (30 nm) capacitors.**
(d) Oxygen content-dependent structural transformation from monoclinic m-HfO, to rhombohedral hafnium oxide (r-HfO;7) and sketches of the
calculated structures corresponding to m-HfO, and r-HfO, 5.1°° (e) A schematic plot of how the O chemical potential influences the density of defects in
the lattices of ferroelectric orthorhombic HfO, and (Hf, Zr)0,.1°2 (f) Polar atomic displacement (d,) as a function of charge-carrier concentration for the
polar o-phase of HfO, and tetragonal BaTiOs. The inset image shows the definition of d, in HfO, and BaTiOs. (g) Minimum energy pathways connecting
different polymorphs of HfO, obtained with VCNEB. (h) Comparison of transition pathways between M, T, and polar-O (PO) phases at the pristine state

(solid lines) and those in the presence of Vg at a concentration of 3.125% (dashed lines). The energy of the M phase is chosen as the energy zero poin

3.6 Defect-induced flattening of the polar phonon band

Though defects are widely introduced to improve the emergent
ferroelectricity by its kinetic promotion effect in the phase
transition (Fig. 13a), their roles are still not fully understood
at the atomic level especially when considering the correlation
between point defects and lattice.

In recent studies, we have calculated the lattice vibrational
states corresponding to flat polar phonon modes in La doped

fluorite MO, (M = Hf, Zr) to understand the reason at an atomic

638 | Mater. Horiz., 2024, 11, 626-645

t.101

level (Fig. 13b-i).% It is found that both La doped and Vg-only
doped MO, show significantly flattened polar phonon bands.
Different from the localized electric dipoles with sharp zero-
width domain walls in pure O-MO,, the point-defect-induced
local symmetry breaking in doped cases lead to a collective
electric polarization across the point-defect, which somehow
diffuses the domain walls. However, Fig. 13j shows that
although La-doping can enhance the remnant polarization,
the coercive field will also become larger. In contrast, only
moderate Vo-doped cases can induce both enhanced remnant

This journal is © The Royal Society of Chemistry 2024
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polarization and a lower barrier energy, which suggest that Vg
and local lattice distortion should be balanced for high-
performance fluorite ferroelectricity.

4 Thin film preparation and ion-
bombardment doping

Film preparation methods could have an impact on film
properties, with effects coming from factors such as tempera-
ture, humidity, and vacuum. A variety of techniques and
methods have been invented for the preparation of ferroelectric
film. Ferroelectric HfO, films with high P, values have been
fabricated by pulsed laser deposition (PLD),** ALD,' sputter-
ing deposition,"’®""" and chemical solution deposition
(CSD).SS’HZ

Each of these methods have their advantages and disadvan-
tages, and the most intensively used deposition method is ALD
due to its ultra-thin growth, low-temperature deposition, and
semiconductor process compatibility, etc.’** ALD can generally
control the Zr,Hf; ,0, by controlling the number of Zr layers in
the HfO,-based system. Therefore, ALD is limited in its ability to
achieve homogenous and low-level doping. Upon ALD, surface
treatment by using ozone (O;) or ion bombardment has been
used to engineer the surface state and defects in the thin films.

This journal is © The Royal Society of Chemistry 2024

Recently, in addition to aliovalent doping and solid solution,
the control of ALD Oz dose,"** oxygen content in sputtering
methods,"® and control of nitrogen flow in electrode
deposition,'*® have also been reported to induce ferroelectri-
city. For example, Fig. 14a and b show the ferroelectric polar-
ization of HfO, under different annealing temperatures and O;
doping time, where in both cases ferroelectricity is reduced.
Similar reduced ferroelectricity and even higher leaky current
were observed in oxygen vacancy doped HfO, (Fig. 14c-e). Hu
et al.'" reported nitrogen-oxyanion-doped HfO, to have an
enhanced on/off ratio and endurance. More research is needed
on the nature of ferroelectric formation in conjunction with
oxygen-tuning during the preparation method.

However, the appearance of ion bombardment that has been
conventionally used in doping semiconductor, has drawn
increasing attention in treating other material systems. Com-
pared with surface treatment with O; or nitrogen flow, ion
bombardment is going to be a game changer due to its
flexibility in treating the surface and doping the materials
depending on the energy and type of the ion source.’*® Kang
et al.'® found that the ferroelectric properties improve by
bombarding films of hafnium oxide with a beam of helium
ions. As shown in Fig. 15a and b, the ion bombardment creates
oxygen vacancies and strain changes from helium implantation
that pushes more of the polycrystalline samples into the
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ferroelectric orthorhombic phase."?" Helium ion bombardment
following ALD preparation of thin films has emerged as a new
strategy to explore ferroelectricity. They deposited 10 nm thick
HZO films by ALD and PLD, respectively, and demonstrated the
high enhancement of ferroelectricity in HZO films based on He
ion bombardment dose according to piezoresponse force
microscopic analysis (Fig. 15d-f). It is suggested that the large
enhancement of ferroelectricity by ion bombardment might be
caused by the uniform distribution of oxygen vacancies and the
phase transition to the ferroelectric phase. Similarly in conven-
tional ferroelectrics, Chen et al.*** used helium ion implanta-
tion to induce an ordered-disordered (antiferroelectric-relaxed
ferroelectric-like) phase transition in antiferroelectric PZO epi-
taxial films to obtain ferroelectric domains at the nanoscale,
demonstrating that the introduction of highly disordered
microstructural features by ion implantation is an effective
post-processing method for flexible modulation of material
structures and physical properties. One should note that bom-
bardment with different ions, not just He, can be used to
achieve doping as well as modulation of oxygen vacancies."*°
In this consideration, ion bombardment would be promising to
flexibly achieve doping in HfO,-based ferroelectrics.

This method may become an important tool for stabilizing
the ferroelectric phase for the next generation of electronic
devices. Theoretical calculations of the thermodynamic mecha-
nism allow us to explore possible mechanisms for ion
bombardment-enhanced polarization. Moreover, one should
note that bombardment ions are not limited to He, ions like
Si and Al can also be selected, depending on the radiation
source used.'*° Even radiation with a high electron beam would
also be a promising way to modulate the properties of HfO,-
based ferroelectrics."”® Based on the advances in the ion
bombardment techniques, ultimately, this approach can be

This journal is © The Royal Society of Chemistry 2024
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directly applied to semiconductor processes without
structural modifications, thus increasing its applicability
in next-generation electronic devices, such as super-scale
ferroelectric-based transistors and memories.

5 Summary and prospect
Summary

In this review we discussed the ferroelectricity origin of HfO,,
the influence of defects on the formation of ferroelectric phases
and the methods of preparation. The ferroelectricity has been
reported to originate from the polar orthorhombic phase Pca2,
and the polar rhombohedral phase R3m or R3, transformed
from either the t-phase or the m-phase. Moreover, the different
pathways of the polarization switching mechanism are
reviewed in Pca2;, and the uncertain mechanism in R3m is
proposed for more exploration. Doping, oxygen vacancies, and
the interface effect are important considerations in the for-
mation of the ferroelectric sub-stable phase in HfO,-based thin
films, which is different from the ferroelectricity origin in
conventional ferroelectrics. In numerous studies, appropriate
doping can generally enhance the ferroelectric remnant polar-
ization. Furthermore, the phase transition of the HfO,-based
system is kinetically related to the migration of intrinsic defects
of oxygen vacancies, which is also responsible for the more
flattened phonon band and making the domain walls become
slightly diffused. A sophisticated interfacial capping layer can
act as a Vg sink to enhance the endurance of polarization by
facilitating the migration in phase transition.'* ALD together
with ion bombardment are promising for doping engineering
in a HfO,-based system for large scale electronic device fabrica-
tion. However, though the ferroelectricity can be somehow
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improved by doping engineering, ferroelectric devices with
high stability, high endurance and high remnant polarization
are still challenging to realize.

Outlooks

As discussed above, impurity ions, oxygen vacancies, and inter-
face are three important factors affecting the properties of
HfO,-based ferroelectrics. Considering that doping can
improve remnant polarization and endurance, a combination
method of the above factors would provide a promising way to
comprehensively optimize their ferroelectric performance.
Therefore, as shown in Fig. 16, we believe that further optimi-
zation of the HfO,-based ferroelectrics and devices should
consider a collaboration of multilevel-structure polarization
components and even machine learning,'** including lattice
vibration, defect-dipoles, ferroelectric polarization, domain
structures, and heterogeneous interface.

In this consideration, an integration of ‘“‘simulation-pre-
paration-characterization” would be favorable to comprehen-
sively clarify the micro mechanism and optimize the
ferroelectric performance of the HfO,-based system. The polar-
ization switching mechanism and phonon band under the
defect effect would be an interesting approach to understand
the novel properties in HfO,-based ferroelectrics. A combi-
nation of theoretical density functional theory calculations,
molecular dynamic simulations and phase field modeling,
would provide a promising multi-scale approach to cover all
the important factors to design and optimize the ferroelectricity
of the HfO,-based system. This part is still lacking and requires
more research endeavors to be established.

Currently, most ion doping in ALD-prepared HfO, relies on
layer-doping due to the growth nature of the ALD process. In
considering this, ion bombardment would be another ideal way
to carry out defect-engineering in ALD-prepared HfO,-based
ferroelectrics at a low doping level. The interface layer would be
more precisely considered the one with large Vo-migration

642 | Mater. Horiz., 2024, 11, 626-645

flexibility in order to provide a Vo sink. Therefore, a V ionic
conductor would be a promising candidate and requires further
work to be established.
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