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Understanding ferroelectric phase stability in hafnium-based oxides is crucial for high-quality thin-film
fabrication and device applications. Multiple strategies stabilize the phase, with evidence highlighting
extra holes’ key role. However, research on extra holes’ impact on ferroelectric phase stabilization
remains inadequate. This study combines first-principles calculations with experimental data, identifying
a critical extra-hole concentration threshold (0.3 h/f.u.) for HfO, ferroelectric phase stabilization. We
designed two coordinated experiments to verify the extra-hole threshold in HfO,. Using SrRuO5 (SRO) as
the bottom electrode, we studied three HfO, systems (Sm, Eu, and La doped). All systems showed
optimal ferroelectric performance at 7.5% doping. Our results also showed that HfO, films on Sm-doped
(Lag g7Sr0.33Mn03) LSMO (5.5% doping) achieve optimal polarization, comparable to SRO (7.5%). These

mutually corroborative experimental and theoretical results indicate that the extra-hole threshold
optimizes HfO, ferroelectric thin film growth and facilitates its electronic device applications.

Hafnium dioxide (HfO,), a pivotal dielectric material, that has attracted
significant attention due to its ferroelectric phase stability, which is a critical
research limitation in advanced functional oxides. Recent developments in
ultrathin electronic devices have intensified demands for high-performance
nanoscale ferroelectrics, driving fundamental investigations into ferroelec-
tricity of HfO, Unlike conventional perovskite ferroelectrics'™, HfO,
exhibits exceptional compatibility with complementary metal-oxide-
semiconductor (CMOS) processes’™’ and retains robust ferroelectricity at
sub-10 nm thicknesses'"'"”. All these position HfO, as a cornerstone for the
next-generation nanoelectronics since its first discovery by Boescke et al. in
Si-doped hafnium-based systems". However, HfO, crystallizes into multi-
ple metastable phases, with phase formation highly sensitive to synthesis
protocols and thermal processing“'°.

Both experimental and theoretical studies reveal that monoclinic phase
(M-phase) of HfO, is the most stable phase at ambient temperatures'’™",
while tetragonal T-phase emerges at 2000 K*, and transitions into cubic
C-phase at 2870 K*. Ferroelectricity in HfO, is primarily attributed to the
orthorhombic phase (O-phase)’"*’, which is metastable. Consequently, how
to stabilize the ferroelectric O-phase of HfO, has become a topic of interest in
both material science and physics. Several stabilization mechanisms have
been proposed, such as the size effect”™, strain” >, and oxygen

vacancies” . Additionally, there are also numerous studies demonstrating
that dopants with large-radius and low-electronegativity could enhance
ferroelectric phase stability’ . For example, Chen et al. achieved superior
ferroelectric ~ polarization in La-doped HfysZrgsO, films on
Lag775r033MnO5*. Tsymbal’s work proposed that extra hole doping could
stabilize ferroelectric phase by efficiently modulating electrostatic energy”,
and Liu et al. highlighted the critical role of positively charged oxygen
vacancies (V") in reducing phase transition barriers". Collectively, all these
studies emphasize the role of elemental doping, charge transfer, and oxygen
vacancies in stabilizing ferroelectric phase of HfO,. And it can be further
concluded that the presence of additional holes serves as a unifying factor
among all the mechanisms discussed. However, critical knowledge gaps still
persist here. For example, how will the synergistic effects of coexisting
oxygen vacancies and extra hole doping impact the phase stability? Does a
extra optimal hole doping concentration exist for maximizing ferroelectric
stability on different substrates? How do substrate-mediated charge transfers
(e.g., hole injection vs. electron donation) and extra dopants modulate the
efficient doping threshold? Here, we systematically address these questions
by integrating first-principles calculations with experimental validations.
Our findings reveal an extra hole threshold of 0.3 h/f.u. necessary for sta-
bilizing the ferroelectric phase. Notably, this critical threshold demonstrates
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negligible dependence on oxygen vacancy concentration within the range of
0-1.04 at.%. Experimental confirmation is achieved through the synthesis of
HfO, thin films doped with various trivalent elements, including Sm, Eu,
and La. All dopants exhibit optimal ferroelectric properties at approximately
7.5% doping concentration, which directly demonstrates the extra hole
threshold existence. Furthermore, in Sm-doped HfO, films epitaxially
grown on Lag.s;Sro.33MnO; (LSMO) and SrRuO; (SRO) bottom electrodes,
different optimal extra hole concentrations were observed: 5.5 at% for
MnO,-terminated LSMO (an intrinsic hole-injecting electrode) versus 7.5 at
% for SrO-terminated SRO (an electron-donating electrode), which indir-
ectly confirms the existence of the extra hole threshold. Finally, our kinetic
phase transition simulations demonstrate that an additional 0.1 h/f.u. of
holes reduces the transition barrier from paraelectric M-phase to ferro-
electric O-phase by 0.1 eV. This reduction is consistent across transition
pathways, regardless of the involvement of the T phase. All these provide a
foundational framework for engineering ferroelectric phase in HfO,-based
materials, bridging theoretical predictions with experimental realizations,
and paving the way for the scalable synthesis of ferroelectric HfO, thin films.

Results and discussion

Theoretical prediction of the existence of extra hole threshold
The structures of paraelectric M-phase and ferroelectric O-phase of HfO,
are presented in Fig. 1a, b, where the M-phase is the energetic ground state of

HfO,. The O-phase, widely acknowledged as the ferroelectric polarization
phase, exists as a metastable structure with an energy 0.08 eV/f.u. higher
than the M-phase under defect-free and charge-undoped conditions. Both
ferroelectric O-phase and paraelectric M-phase contain two distinct oxygen
sublattices: one with three-coordinated oxygen atoms (Oyyy) bonded to three
Hf atoms and the other with four-coordinated oxygen atoms (Ory) bonded
to four Hf atoms. These are denoted by yellow and red solid circles in Fig. 1,
respectively. For HfO, samples, the formation of oxygen vacancies may
occupy two different sublattices, resulting in the formation of four-
coordinated (VOry) defects or three-coordinated (VOry) defects, respec-
tively. This study systematically investigates extrinsic extra hole doping
effects on relative phase stabilities between O- and M-phase under varying
concentrations of VOry; or VOry. As illustrated in Fig. 1¢, d, extra hole and
oxygen vacancies exhibit different modulation effects on static stabilities of
the O- and M-phase.

Firstly, in the absence of oxygen vacancies (VO =0.0%), extra hole
doping alone can stabilize the ferroelectric O-phase. The gradual increase in
extra hole doping concentration reduces the energy difference between the
O- and M-phase, ultimately leading to a reversal of their relative stability
when extra hole concentrations exceed 0.2 h/f.u., and making the O-phase
energetically favorable. In contrast, oxygen vacancies alone exhibit weaker
modulation effects on relatively static stabilities of the O- and M-phase.
Thus, without extrinsic hole doping or under low extra hole doping
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Fig. 1| Configurations and band structures of HfO, phases. a Crystal structures of
paraelectric monoclinic (M-phase), and (b) ferroelectric orthorhombic (O-phase)

phase. Hafnium (Hf) atoms are represented by gray spheres, and oxygen atoms are
color-coded by coordination: red spheres denote fourfold-coordinated oxygen (Ory,
bonded to four Hf atoms), and yellow spheres indicate threefold-coordinated oxygen
(Oq1, bonded to three Hf atoms). The spatial distribution of excess extra holes in the
HfO; lattice is visualized as green iso-surfaces (1/10 of the maximum value). Oxygen

vacancies located at threefold-coordinated (c) and fourfold-coordinated (d) oxygen
lattice sites, respectively, demonstrate the modulation effect of vacancy-hole cou-
plings on the relative stability between ferroelectric O-phase and paraelectric M-
phase. e-h Band structures of M-phase and O-phase systems containing oxygen
vacancies at tetragonal-coordinated (VOyy) and trigonal-coordinated (VOry) oxy-
gen lattice sites, the red curve represents the defect energy level where oxygen
vacancies are located.
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Fig. 2 | Extra Hole doping modulation effects on phase stability and related
electronic structures. Optimal extra hole doping concentrations for stabilizing the
O-phase under varying concentrations of threefold-coordinated oxygen vacancy
(VOm) (a) and fourfold-coordinated oxygen vacancy (VOyy) (b). Density of states
(DOS) of O-, M-phase (VO = 0.00%) under 0.2 h/f.u. (c) and 0.3 h/f.u. d Extra hole
doping concentration. e Evolution of electrostatic energy (Es) in the HfO, matrix

under varying extra hole doping concentrations and with either no (0.00%) or 1.04%
concentrations of oxygen vacancies at threefold-coordinated (VOyy) and fourfold-
coordinated (VOry) oxygen sublattices. The aforementioned results unambiguously
demonstrate that additional hole doping effectively stabilizes ferroelectric phase of
HfO,, irrespective of the presence of oxygen vacancies.

concentrations (<0.2 h/f.u.), varying oxygen vacancy concentrations fails to
substantially alter the energy hierarchy or statically stabilize the O-phase as
the ground state. Even under high oxygen vacancy concentrations, the
stabilization of O-phase still requires critical extra hole doping, specifically
0.2 h/fu. at a 1.0% oxygen vacancy concentration, and 0.16 h/f.u. ata 1.5%
oxygen vacancy concentration, respectively. To further elucidate the
cooperative effects of oxygen vacancies and extra hole distribution on phase
stabilities, the spatial localization of extra holes in HfO, matrix was initially
analyzed. Figure le-h present band structures of systems containing both
oxygen vacancies (O or Opy sites) and 0.2 h/f.u. concentration of extra
holes in the matrix. The band structures show that the localized unoccupied
states associated with oxygen vacancies were situated near the conduction
band minimum (CBM) within the bandgap. Notably, extrinsic holes pre-
dominantly occupy the valence band maximum (VBM) rather than
vacancy-induced band-gap states, mirroring the behavior of defect-free
HfO, systems"". Furthermore, asymmetric extra hole distribution occurs on
the Oy and Oyy sublattices because of different orbital contributions from
oxygen atoms in the Oy and Oyy sublattices at the VBM (Fig. 1a, b). The
introduction of extra holes, governed by doping concentrations and the
coordination environment of oxygen sublattices, critically modulates the
relative stability between metastable phases in HfO,. All these underpin the
non-equivalent stabilization effects of oxygen vacancy and extra holes on the
stabilization of ferroelectric O-phase.

To further show that there is a universal extra hole threshold in fer-
roelectric phase stabilization, Fig. 2 shows the switching point of extra hole
concentrations in HfO, matrix. It is worth noting that we did not consider
the common tetragonal T-phase, but instead focused solely on the relative
stability analysis of the M-phase and O-phase. The reason is that the tet-
ragonal T-phase exhibits extremely poor tolerance to extra holes. For a
perfect T-phase crystal, when the extra hole concentration exceeds 0.2 h/f.u.,
the symmetry of the tetragonal T-phase will be disrupted and transformed

into the cubic C-phase, thereby losing its comparative significance. Con-
versely, although the T-phase can maintain its symmetry, it remains in a
high-energy state when the extra hole concentration is below 0.2 h/fu.
Therefore, the T-phase is not considered in our work. It can be observed
that, a universal extra hole threshold exists for pristine lattices (0.00%) and
oxygen-deficient systems (e.g., 0.69% or 1.04% concentration of oxygen
vacancies) (Fig. 2a, b). Specifically, within the oxygen vacancy concentration
range of 0.00%-1.04%, both VOyy; and VOry systems exhibit an identical
extra hole threshold of 0.3 h/f.u., demonstrating the weak dependence of
threshold on oxygen vacancy concentrations. However, when oxygen
vacancy concentration reaches 1.56%, exceeding this range, the threshold
remains unchanged at 0.3 h/f.u. for VOyy;, but it decreases to 0.25 h/f.u. in
VOy system (Fig. Sla, b). These findings confirm that although the optimal
extra hole doping concentrations may vary across different systems, a extra
hole threshold persistently exists during the stabilization process of the
O-phase. When extra hole concentrations fall below the threshold, the
introduction of additional holes stabilizes the ferroelectric O-phase. How-
ever, once the number of extra holes exceeds the threshold, they begin to
destabilize it (Fig. 2a, b). The density of states (DOS) of O-, M-phase
(VO =0.00%) under 0.2 h/fu. and 0.3 h/fu. extra hole doping concentra-
tion are given in Fig. 2¢, d, respectively. The 2p valence states of Oy are
closer to the Fermi level, and also have more states localized nearby the
Fermi level with respect to Opy. Consequently, extra holes preferentially
occupy Oy sites at low concentrations (see Fig. 2c). However, as the extra
hole doping concentration increases, extra holes start to populate the Ory
sites (Fig. 2d). The above-mentioned extra hole threshold in HfO, arises
from the competing occupancy of doping extra holes in the Oy and Opy
sublattices. Furthermore, the DOS of the first-neighbor Oy and Oyy atoms
adjacent oxygen vacancies under extra hole doping concentrations of 0.2 h/
fu. and 0.3 h/fu are also calculated (Fig. S2). The results reveals that the
extra hole occupancy sites of these oxygen atoms exhibit remarkable
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consistency with those in the pristine crystal, predominantly occupying the
Oy sites. Therefore, with the progressive increase in additional hole doping
concentration, extra holes begin to occupy Oy sites in a gradual manner.
This phenomenon demonstrates the weak interaction between extra holes
and oxygen vacancies in HfO, matrix (Fig. S2). To understand the extra hole
threshold in HfO,, the electrostatic energies of pristine HfO,, 1.04% VO,
and 1.04% VOriy systems are further calculated, and all results are given in
Fig. 2e. The results show that when extra holes occupy the Oy sites, the
electrostatic energy of the M-phase is higher than that of the O-phase at
equivalent doping levels. Also, when additional holes are located on the Oyy
sites, the electrostatic energy of the M-phase is lower than that of the
O-phase. Therefore, the extra hole threshold for the stabilization of the
O-phase arises from the competing occupancy of extra holes on the Oy and
Opy sublattices. At low concentrations, extra holes predominantly occupy
the Oy sites, leading to a gradual stabilization of the O-phase as extra hole
doping concentrations increase. This process continues until the optimal
concentration is reached, at which point the O-phase is fully stabilized and
the energy difference between the O-phase and the M-phase is maximized.
Beyond this point, the further introduction of extra holes into the HfO,
matrix increases the occupancy of extra holes in the Ory sublattices. The
resultant increase in electrostatic energy destabilizes the O-phase, making it
energetically unfavorable. Furthermore, oxygen vacancy in Oy and Opy
sublattice could impact the optimal extra hole concentrations for the
O-phase stabilization. Interestingly, VOyy; vacancies have only minimal
impacts on the optimal extra hole doping concentrations, whereas VOry
vacancies at 1.56% reduce the optimal extra hole doping concentration from
0.3 to 0.25 h/f.u. This discrepancy arises from the fact that the VOry could
induce larger lattice distortion than VOry;, which could be proven by their
different lattice parameter variations (Fig. S3). VOry vacancies significantly
shorten the lattice constants along the b-axis under extra hole doping, while
VO vacancies exhibit negligible impacts on HfO, structure. These dif-
ferent lattice variations modify electrostatic energies of related structures
(Fig. Slc), which ultimately control the variation of optimal extra hole
doping concentrations.

Experimental verification of the existence of extra hole threshold
To experimentally validate the proposed universal extra hole threshold for
HfO, ferroelectric phase stabilization, we have designed two mutually
coordinated experiments: Firstly, we employed lattice-matched SrRuO;
(SRO) bottom electrode, and incorporated Sm, Eu, and La as extra hole-
doping agents to analyze different dopant effects on ferroelectric phase
stabilities. Then we maintained Sm as the only specific extra hole-doping
agent and analyzed two distinct electrode materials effects on phase stabi-
lities of HfO,: Lag 6,510 33MnO; (LSMO) and SRO. The LSMO could pre-
injected extra holes to HfO, matrix, while the SRO could introduce elec-
trons to it.

The as-grown HfO, thin films with varying compositions were
experimentally characterized in accordance with the aforementioned
design. Figure S7 shows the HAADF-STEM image and its magnified view of
the SHO5.5/SRO thin-film heterostructure, revealing an O-phase with (002)
orientation. Figure S8 and Fig. 4c shows the XRD pattern of the HfO,/SRO
heterostructure doped with La, Sm, and Eu concentrations ranging from 0 at
% to 10 at% (mole ratio). It can be seen that the three systems follow similar
phase transition paths. As the doping content increases from 0 at% to 10 at
%, the proportion of the ferroelectric phase is gradually increasing. The
ferroelectric polarization of HfO, films achieves its maximum value at a
extra hole doping concentration of 7.5% for all dopants, including Sm, La,
and Eu. All related results are given in Fig. 3a-c, respectively, where
polarization-electric field (P-E) hysteresis measurements revealed a con-
sistent concentration-dependent behavior across all three doping systems.
The remnant polarization (P,) initially increases and then decreases with
increasing doping concentration, which aligns well with the phase transition
behavior. In order to observe the relationship between the doping con-
centration and the remnant polarization more intuitively, the 2P, are plotted
in Fig. 3d. Under the action of the SRO bottom electrode, all three doping
systems achieved the peaked polarization value of P, around doping con-
centration of 7.5% as shown in Fig. 2a, b. This universal trend indicates the
existence of a unified critical doping threshold under identical growth
conditions and bottom electrodes constraints, independent of dopant
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Fig. 4 | Comparative study of Sm-doped HfO, ferroelectric thin films epitaxially
grown on SRO(SrRuQ3) and LSMO(Lay 67510 33Mn0O3) bottom electrodes.

a, b Schematic illustrations of Sm-doped HfO, ferroelectric thin films grown on SRO
and LSMO bottom electrodes; (¢, d) XRD(X-ray Diffraction) patterns of films with
varying Sm doping concentrations (0-10 at.%) on respective bottom electrodes.

e, f The interfacial electrostatic potential distributions on the SrO-terminated SRO

surface and the MnO,-terminated LSMO surface, where the distance between the
blue dashed lines represents the magnitude of the work function (the difference
between the vacuum level and the Fermi level), and the orange dashed lines denote
the corresponding interface work functions of HfO, films with distinct crystal-
lographic orientations.

species. To elucidate the underlying mechanism, XPS characterization of
optimally doped samples (Fig. S4) showed a systematic shift in OIs binding
energy from 530 eV to 531.5 eV. Theoretical analysis employing a surface
defect model (See Fig. S5 for details) demonstrated that oxygen vacancy-rich
systems exhibit OIs energy shifts exceeding 2 eV, while defect-free lattices
show shifts of ~1.6 eV (Fig. S6). The experimentally observed 1.5 eV shift
closely aligns with theoretical predictions for intact lattices (relative error
< 7%), confirming significantly reduced oxygen vacancy concentrations in
optimized films. This observation perfectly aligns with above simulations
that a universal extra hole-doping thresholds exists in ferroelectric phase
stabilization within certain oxygen vacancy concentration ranges.

After successfully establishing the threshold trend for the extra hole-
doped system on the homogeneous bottom electrodes, we further utilized
interface charge engineering to deeply explore the modulation mechanism
of the bottom electrodes on the ferroelectric properties of Sm-doped HfO,.
Precisely, we compared the work functions of Sm-doped HfO, ferroelectric
thin films with different orientations grown on two different bottom elec-
trodes (SRO and LSMO) to determine the charge transport characteristics of
the two bottom electrodes. The schematic diagram of its principle is shown
in Fig. 4a, b. For the LSMO bottom electrodes, in order to obtain the MnO,
termination for charge exchange between LSMO and HfO, ferroelectric
thin films, the STO substrate was firstly treated by hydrofluoric acid etching
process”. As given in Fig, S11, the etched STO surface is TiO,-terminated
and exhibits distinct step structures, and the MnO,-terminated LSMO
buffer-layer are further grown on STO for the further growth of epitaxial
HfO, films. For the SRO bottom electrode, it is reported that the RuO,-
termination has a higher surface energy than the SrO-termination®. The
RuO, atomic layer is easily decomposed because of the volatile character of

the Ru element. Therefore, we can obtain the SrO-terminated SRO through
high temperature treatments (775 °C), and our XRD characterization clearly
show that the SrO-terminated SRO induced the growth of HfO, ferroelectric
thin films along the (002) orientation (see Fig. 4c). Furthermore, the MnO,-
terminated LSMO bottom electrodes promoted the growth of the HfO,
ferroelectric thin film along the (111) orientation (see Fig. 4d). To distin-
guish the volume fraction of each phase, Bragg reflections of the SHO thin
films are fitted into a number of Gaussian peaks (Figure S12). The extracted
phase volume fractions are plotted in Fig. S13 for clarity. For the SRO
electrode, when the Sm concentration is 7.5%, the volume fraction of the O-
phase reaches a peak of 64%, and it is mainly composed of Ogq,. However,
for the LSMO electrode, when the Sm concentration is 5.5%, the proportion
of the o phase reaches the maximum, and only the O;,; form exists. To
analyze the charge exchange between HfO, film, SRO, and LSMO, we
further calculated their surface work functions, respectively. The surface
work function of HfO, in (100) direction is calculated to be 6.47 eV
(Fig. S9a). At the same time, the work function of the SrO termination
surface of the SRO bottom electrode is 3.28 eV (Fig. 4e), which indicates that
the SRO bottom electrode will inject electrons to the HfO, films. On the
other hand, the surface work function of the MnO,-terminated LSMO
bottom electrode is 4.83 eV (Fig. 4f), and it is lower than the (111) surface of
HIfO, films (2.97 eV), which demonstrate that the LSMO could donate extra
holes to HfO, films (Figure S9b). After determining the interface charge
exchange characteristics of the two different substrates, we measured the
hysteresis loops of HfO, ferroelectric thin films doped with Sm at different
concentrations. The measurement results indicate that, for LSMO bottom
electrodes exhibiting a extra hole pre-doping effect, the optimal Sm doping
concentration required to achieve the best ferroelectric performance
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Fig. 5 | Switching barriers of and electrostatic energy of HfO,. a Phase transition
pathways between paraelectric M-phase, ferroelectric O-phase, and intermediate
tetragonal (T) phase under (a) zero extra hole doping and (b) 0.1 h/f.u. doping (0.1

extra holes per formula unit). c-e The variation of the electrostatic energy at energy
maximal with the initial and final phases in three distinct phase transition paths (M-
T, T-O, and M-O) with respect to the excess extra hole concentration.

decreases to 5.5 at.% (Fig. S10)—2% lower than the 7.5 at.% observed in SRO
bottom electrode systems. All these can be attributed to the fact that extra
hole injection effect at the Sm,Hf; ,O,/LSMO interface has already intro-
duced extra holes in HfO, matrix, which reduces the necessary extra hole
concentration threshold. This result also verifies the key role of the extra hole
threshold in HfO, ferroelectric phase stabilization. It should be notified that
these is discrepancy in the hole doping concentrations between the DFT
calculations and experimental measurements, it may come from the fact
that only an idealized charge doping environment is considered in the
simulations, whereas in experiments, additional factors such as film thick-
ness, strain, defects, and boundary effects may all influence the stabilization
of the orthorhombic phase.

Additional holes reduce the M-O phase transition barrier

Apart from the universal extra hole threshold on the static phase stability of
ferroelectric O-phase, we further investigated their influence on the energy
barriers controlling the phase transitions from O-phase to M-phase in HfO,.
It is already known that the tetragonal T-phase with P4,/nmc symmetry is
the critical intermediate structure during the M-to-O phase transforma-
tions. Therefore, we systematically calculated the direct M to O-phase
transition barriers and the sequential M- to T- to O-phase transitions
mediated by the intermediate T-phase (Fig. 5a). The direct M- to O-phase
transition exhibits a substantially higher energy barrier of 1.10 eV, com-
pared to the M-T-O pathway (0.6 eV), confirming the critical role of the T-
phase in facilitating phase transformations. Subsequent analysis revealed
that extra hole doping could significantly modulates these transition barriers
(Fig. 5b). Under 0.1 h/f.u. extra hole doping concentration, the direct M- to
O-phase transition barrier decreases from 1.10 eV to 1.00 eV, and the M-T-
O transition barrier reduces from 0.6eV to 0.5eV. These results con-
clusively demonstrate that both extra hole doping and its synergistic cou-
pling with oxygen vacancies substantially lower the phase transition barriers
between paraelectric and ferroelectric phases, thereby thermodynamically
favoring the stabilization of ferroelectric O-phase. The barrier-lowering
mechanism can also be elucidated through electrostatic energy variations
induced by extra hole redistributions (Fig. 5c—e). Taking the M-phase to

O-phase transition as an example, we computed the electrostatic energies of
the M-phase and the saddle-point (S) configuration along the transition
path under equivalent extra hole concentrations. The calculations reveal
significantly higher electrostatic energy in the M-phase compared to the S-
configuration, and it effectively reduces the energy difference between the
M-phase and the saddle state, which consequently lowers the M- to O-phase
transition barrier. This electrostatic modulation mechanism provides fun-
damental insights into the enhanced phase transformability mediated by
charge carrier engineering in HfO,-based ferroelectric systems.

Conclusions

The extra hole threshold in stabilizing the ferroelectric O-phase of HfO, is
systematically investigated by combining first-principles calculations and
experimental measurements. Our results demonstrate that there is always a
extra hole doping threshold existing for stabilizing HfO, ferroelectric phase,
irrespective of oxygen vacancies. This extra hole doping threshold arises
from the competitive distribution of extra holes in three-coordinated and
four-coordinated oxygen sites, controlled by distinct energy level alignments
of oxygen 2p orbitals. The phenomenon can be rationalized through extra
hole concentration-dependent variations in electrostatic energy caused by
differential extra hole distributions within the HfO, matrix. Building upon
theoretical predictions, we successfully fabricated stable ferroelectric HfO,
thin films on Lag 6,519 33Mn0O3 and SrRuO; substrates, achieving optimal
extra hole doping concentrations through 5.5% and 7.5% Sm doping,
respectively. Theoretical analysis indicates that the optimal Sm doping levels
are determined by synergistic effects between efficient charge transfer at the
HfO,/substrate interface (Lagg;Srg33MnO;3 or SrRuQ;) and Sm-induced
extra hole doping. Furthermore, phase transition calculations demonstrate
significant reductions in energy barriers for both direct monoclinic (M)-to-
orthorhombic (O) and M—tetragonal (T) — O transformations under
extra hole doping conditions. These computational results further corro-
borate the essential role of extra hole doping in facilitating the formation and
stabilization of ferroelectric O-phase HfO,. This comprehensive study not
only elucidates the fundamental mechanism of extra hole-mediated stabi-
lization in HfO, ferroelectrics, but also provides crucial guidance for
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developing high-precision, large-scale oxide thin films with enhanced
functional properties.

Methods

Computational methods

We performed density functional theory (DFT) calculations using the
Vienna Ab-initio Simulation Package (VASP)*. The energy cutoff value of
the plane wave was set to 500 eV. The energy convergence threshold for the
self-consistent loop was set to 10> eV. For structural optimization, the force
convergence was set to 0.001 eV/angstrom and the Projector Augmented
Wave (PAW) method was used to describe electron-ion interactions”. We
perform supercell calculations for the O-phase, M-phase, and T-phase with
different oxygen vacancy concentrations by expanding the unit cell as fol-
lows: 2x3 %3 (0.59%), 2x2x3 (1.04%), 2x2x2 (1.56%). In the irre-
ducible Brillouin zone, the corresponding k-point meshes of 3 x2x2,
2x3x2 and 3x3x3 are used for different supercells, respectively. To
simulate charge doping, we changed the total number of electrons in the unit
cell in a uniform charge background and optimized the charge structure.
Additionally, Quantum Espresso (QE)* was utilized for XPS simulations*’
using the Car-Parrinello Molecular Dynamics (CPMD) method*, with the
plane-wave cutoff energy set to 60.0 Ry. In electron dynamics, the electron
mass and electron damping were set to 500.0 and 0.01, respectively. Ion
dynamics employed the Verlet algorithm for simulating ion motions.
Ultrasoft pseudopotentials were adopted to balance computational accuracy
and efficiency®. All calculations were performed using the Generalized
Gradient Approximation (GGA)* with the Perdew-Burke-Ernzerhof (PBE)
functional to describe electron exchange-correlation effects. Finally, the
climbing image nudged elastic band (CI-NEB)*' method was applied to
calculate the energy barriers during the phase transition processes among
the ferroelectric O phase, the monoclinic M phase, and the tetragonal T
phase, with the number of transition states set to 7 to fully characterize the
entire phase Transition pathway.

In this study, the core-shell model was employed to simulate the
electrostatic interactions among doped charges in HfO,. First of all, the
atomic structure of HfO, was fully optimized based on density functional
theory (DFT), and periodic boundary conditions were applied to ensure the
accuracy of the calculation. Within the framework of the core-shell model,
each atomic site contains an jonic charge (Q;) fixed at its equilibrium
position, and an electronic charge (q;) bound to its corresponding ionic site.
Here, the ionic charge is treated as a point charge. The electronic charge (q;)
is carefully adjusted to accurately simulate the extra hole distribution on the
oxygen sub-lattice, and is broadened by a Gaussian distribution function
with a width of o; to better conform to the actual physical situation. It is
worth emphasizing that the parameter settings used in this study are based
on our previous work™, and have successfully reproduced the dielectric
constants and energy characteristics of both polar and non-polar phases of
HfO, in its charge-neutral optimized state, thereby ensuring the reliability
and validity of the simulation results. Finally, the electrostatic energy was
precisely calculated using the Ewald method (As shown below).
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Sample preparation
Experiment I, Sm:HfO,, La:HfO,, and Ew:HfO, thin films, as well as SRO
bottom electrodes were deposited on (001)-orientated STO substrates by

PLD using a KrF excimer laser. The SRO, about 32 nm in thickness, was
deposited at a laser energy density of ~3.0 J/cm® with a repetition rate of
8 Hz, keeping the oxygen pressure at 0.1 mbar. The substrate temperature
was controlled to 775°C for achieving SrO-dominated surface. The
Sm:HfO,, La:HfO,, and Eu:HfO, were deposited at a laser energy density of
~2.5 J/cm® with a repetition rate of 4 Hz, keeping the substrate at 600 °C and
the oxygen pressure at 0.1 mbar. The thin-film thickness was controlled by
counting the laser pulse number. The HfO,-based thin-film hetero-
structures were post-annealed in a tube furnace at 700 °C for 30 min in
flowing O,. Pttop electrodes of ~30 um in diameter and ~50 nm in thickness
were deposited by a DC magnetron sputtering through a shadow mask.
Experiment II, Sm:HfO, thin films, as well as LSMO bottom electrodes were
deposited on (001)-orientated STO substrates by PLD using a KrF excimer
laser. The LSMO thin films were deposited at a laser energy density of ~3.2 J/
cm’ with a repetition rate of 2 Hz, keeping the substrate at 700 °C and the
oxygen pressure at 0.2 mbar. In order to control the interface termination,
STO substrates were treated with a buffered hydrofluoric acid etching
process followed by thermal treatment at 1050 °C for 1h to get a TiO,-
terminated surface before growth. The experiment of the Sm:HfO, thin film
and Pt top electrode are the same as those in Experiment L.

Characterization

XRD was performed on a Rigaku Smart Lab X-ray diffractometer with Cu
Ko radiation. Ferroelectric hysteresis loops were measured by a Radiant
Premier II ferroelectric tester. XPS was performed on a Thermo ESCALAB
250Xi and the binding energy was calibrated by setting the C 1 s as 284.6 V.

Data availability

The authors declare that the data that support the findings of this study are
available within the article. All other relevant data are available from the
corresponding authors upon request.
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