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Defects such as oxygen vacancy are widely considered to be critical for the performance of ferroelectric
HfO,-based devices, and yet atomistic mechanisms underlying various exotic effects such as wake-up and
fluid imprint remain elusive. Here, guided by a lattice-mode-matching criterion, we systematically study
the phase transitions between different polymorphs of hafnia under the influences of neutral and positively
charged oxygen vacancies using a first-principles-based variable-cell nudged elastic band technique. We
find that the positively charged oxygen vacancy can promote the transition of various nonpolar phases to
the polar phase kinetically, enabled by a transient high-energy tetragonal phase and extreme charge-carrier-
inert ferroelectricity of the polar Pca2, phase. The intricate coupling between structural polymorphism
kinetics and the charge state of the oxygen vacancy has important implications for the origin of
ferroelectricity in HfO,-based thin films as well as wake-up, fluid imprint, and inertial switching.
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Ferroelectric memory has long been considered as a
competitive non-volatile information storage technology
because of various merits such as fast switching rate,
low power consumption, and high endurance [1-3].
Conventional perovskite ferroelectrics are not compatible
with the modern complementary metal oxide semiconduc-
tor (CMOS) technology, severely limiting the scalability
[4]. The discovery of ferroelectricity in silicon-doped thin
films of hafnium oxide in 2011 [5] quickly made HfO, a
leading candidate material for incorporating ferroelectric
functionalities into integrated circuits. Thanks to its robust
electric dipoles at the nanoscale [6], simple composition,
and the CMOS compatibility, HfO,-based ferroelectrics
have already been implemented in several memory devi-
ces [7.,8].

The commercialization of ferroelectric HfO,-based devi-
ces is mainly hindered by the device reliability issues
associated with the profound wake-up effect, strong
imprint, and limited endurance [9,10]. For example, the
imprint effect, manifested as the shift of a hysteresis loop
along the voltage axis with time, will destabilize one of the
polarization states and cause retention loss [11]. It is widely
accepted that the polar orthorhombic (PO) Pca2; phase of
HfO, is responsible for the ferroelectricity [12—16], despite
being higher in energy than the nonpolar monoclinic (M)
P2,/ c phase. The stabilization of the PO phase in thin films
has been attributed to the concerted effects of extrinsic
factors such as surface or interface effects of grains [12,16—
20], clamping stress [21-23], defects [24-30], and electric
fields [22]. The as-prepared HfO,-based thin film often
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contains high volume factions of nonpolar M phase and
tetragonal (T) P4,/nmc phase [26,31,32]. The models
explaining the performance instability during electrical
cycling can be categorized into two groups: (i) defects
and their evolution; (ii) electric field-induced structural
polymorphism that may originate from defects [33]. In this
Letter, we discover an intricate coupling between structural
polymorphism kinetics and the charge state of the oxygen
vacancy in HfO, that has important implications for the
origin of ferroelectricity and several device reliability
issues.

We start by emphasizing two unique features of the
ferroelectric PO phase of HfO,. First, the X5 lattice mode
characterized by antiparallel x displacements of neighbor-
ing oxygen atoms [Fig. 1(a)] plays an important role in
structural polymorphism of HfO,. Though phase transi-
tions between different polymorphs of HfO, have been
investigated with density functional theory (DFT) calcu-
lations previously [23], the importance of the X5 mode
matching was not appreciated. There exist multiple path-
ways connecting two phases depending on the choice of
atom-to-atom mapping. We find that an atomic mapping
that conserves the sign of the X; mode gives a lower
enthalpy barrier than a mapping that reverses the X; mode.
As shown in Fig. 1(a), the X;-sign-conserving pathway of
T — PO has an enthalpy barrier of 2.5 meV per formula
unit (f.u.), much lower than the pathway with the X5 mode
reversed (47.5 meV/f.u.). Recent DFT studies also found
that the polarization switching in PO that reverses the X5
mode needs to overcome a large barrier [34]. The small
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FIG. 1. (a) Schematic illustration of the X5 mode in the
tetragonal phase of HfO,. The tetragonal unit cell has the long
axis along x. The closer and further Hf atoms are colored in dark
and light gray; outward and inward displaced oxygen atoms are
colored in blue and red, respectively. The generic phase space
coordinate is denoted as A. (b) Polar atomic displacement (d,) as a
function of charge-carrier concentration for the PO phase of HfO,
and tetragonal BaTiO;. The insets illustrate the definitions of d,
in HfO, and BaTiO;.

enthalpy barrier of 7 — PO already hints at the importance
of nonopolar-polar structural polymorphism in HfO,-based
devices.

Another intriguing feature is the extreme charge-carrier-
inert ferroelectricity of the PO phase. We compute the polar
atomic displacements in ferroelectric tetragonal BaTiOj
and the PO phase of HfO, as a function of charge-carrier
concentration obtained via the background-charge method
[35]. Both hole doping and electron doping quickly
suppress the polar displacements in tetragonal BaTiO;
[36]. In contrast, the local atomic displacements of polar
oxygen atoms in PO are insensitive to charge-carrier
doping [Fig. 1(b)]. Such feature, likely resulting from
the improper nature of ferroelectric HfO, [37], suggests
that the PO phase can support a substantial amount of
charged defects while maintaining the polar structure. Since
the charge injection to and entrapment from defects occur
frequently during the electrical cycling, understanding the
impacts of charged defects on polymorphism kinetics is
expectedly important.

Here, we focus on neutral oxygen vacancy (V@) and
doubly positively charged oxygen vacancy (V%ﬂ, as they are
known prominent defects in HfO,-based thin films [33,38],
particularly at the electrode-HfO, interface [39—41].
Different from several previous DFT studies on oxygen-
deficient HfO, where the assumed vacancy concentration
reaches a rather high level (up to 12.5 f.u.% [42]), we focus

on a relatively low vacancy concentration (3.125 f.u.%).
DFT calculations are performed using Vienna ab initio
simulation package (vAsp) with Perdew-Burke-Ernzerhof
(PBE) density functional [43]. Structural parameters of unit
cells of hafnia polymorphs are optimized using a plane-wave
cutoff of 600 eV, a 4 x 4 x 4 Monkhorst-Pack k-point grid
for Brillouin zone sampling, an energy convergence thres-
hold of 107® eV, and a force convergence threshold of
1073 eV/A. All possible configurations of a 48-atom super-
cell with an oxygen vacancy concentration of 3.125 f.u.%
are explored to identify the lowest-energy configuration.
The minimum energy pathway (MEP) connecting two
polymorphs is identified with the variable-cell nudged
elastic band (VCNEB) technique implemented in the
USPEX code [44—46]. The main difference between conven-
tional NEB and VCNEB is that VCNEB allows lattice
constants to change during solid-solid transformations, thus
capable of quantifying the intrinsic transition barrier
between two phases possessing different lattice constants.
It is noted that lattice constants and phase transition
barriers predicted with PBE are comparable with values
computed with SCAN [47]. More computational details are
reported in Supplemental Material [48] that includes
Refs. [11,23,49-68].

We first examine the intrinsic transition barriers in the
absence of defects between different phases of HfO,
including an “antiferroelectric-like” orthorhombic (AO)
Pbca phase and another polar orthorhombic Pmn2, phase
that may form in (111)-oriented Hf(s5Zry50O, thin films
[69,70]. All pathways conserve the sign of the X5 mode
(Fig. S1 in [48]). Taking the lowest-energy M phase as the
reference, the energy of 7', AO, PO, and Pmn2, phase is
166, 73, 84, and 143 meV/f.u., respectively. The transi-
tions of T - M, T — PO, and T — Pmn2, are all kineti-
cally fast with negligible enthalpy barriers (< 5 meV/f.u.,
2(a)), indicating the precursor role of the high-temperature
T phase [23]. The transition of 7 — AO needs to overcome
a large kinetic barrier despite AO being the second most
favored phase thermodynamically. The transitions from the
polar Pmn2; phase to M and Pca2; only needs to over-
come a small barrier of 28 and 37 meV /f.u., respectively.
We suggest that although the emergence of the Pmn2,
phase from the T phase is effortless kinetically, it may
quickly evolve to other phases such that its transient
presence during crystallization is probably undetectable
in experiments.

Phase transitions of Pca2; to other nonpolar phases are
all hindered by large barriers. Overall, the formation of the
M phase is the most favored process both kinetically and
thermodynamically in the absence of extrinsic effects. This
explains why the most stable M phase dominates in bulk
synthesis. We discover that M — PO involves another
lattice mode, Xz. It is impossible for the transition pathway
to conserve both X3 and X5, thus making M — PO a high-
barrier (169 meV/f.u.) process that cannot be activated by
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FIG. 2. (a) Minimum energy pathways connecting different

polymorphs of HfO, obtained with VCNEB. (b) Comparison of
transition pathways between M, T, and PO phases at the pristine
state (solid lines) and those in the presence of VOO at a concen-
tration of 3.125% (dashed lines). The energy of the M phase is
chosen as the energy zero point.

an electric field alone (see Sec. I.C in Supplemental
Material [48]). This is inconsistent with experimental
observations that a substantial amount of M phase is
transformed to the PO phase in the woken-up thin films
of HfO, [15,50,64]. As we will discuss in below, the
presence of charged oxygen vacancies resolves this puzzle.

The oxygen vacancy has long been postulated to be
important for the stabilization of the PO phase.
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Experimentally, a low oxygen content during the deposition
favors the formation of 7 and PO phases whereas a high
oxygen content tends to stabilize the M phase [71,72].
However, DFT calculations suggested that even at a high
VY concentration of ~12.5 f.u.%, the M phase remains
much more stable thermodynamically than the PO phase
[73]. Rushchanskii et al. proposed that configurations with
two-dimensional extended oxygen vacancies tend to trans-
form into the PO phase [42], but the VO0 concentration in
their model reached 12.5 f.u.%, much higher than typical
experimental values of 2-3 fu.% [30,72]. We further
investigate the effects of V2 on polymorphism kinetics
at a concentration of 3.125 f.u.%. Compared with intrinsic
defect-free cases, the presence of V) has little impact on the
relative stability, nor does it substantially affect the kinetics
of phase transitions [Fig. 2(b)]. We conclude that at
experimentally relevant concentrations, V9 alone cannot
explain the strong impacts of O, partial pressures on the
ferroelectric properties of HfO,-based thin films.
Recently, He et al. reported that the presence of V%)+
beyond some critical concentration will make PO more
stable than M [67]. At a low Vé* concentration of
3.125 f.u.% studied here, we carefully examine the ener-
getics of different configurations containing V%)+ and find
that M remains to be most stable thermodynamically (See
Table S2 in Supplemental Material [48]). Interestingly, the
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FIG. 3. (a) Schematics of two different configurations of the 7' phase containing a pair of Vé*. (b) Histograms of displacements of
Wannier centers in 7', and T right after the electron entrapment of V% — V(z;r. The inset shows different contributions to the change in
the relative stability between T, and T.. Only the energies of configurations containing the same type of oxygen vacancy are
comparable. (c¢) Transition pathways in the presence of Vé+ at a concentration of 3.125%. (d) Phase transition network involving
multiple polymorphs of HfO, containing Vé*. The color of the arrow scales with the magnitude of the transition barrier (see values in

Table S5 [48]).
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relative stability between two representative configurations
of the T phase, denoted as 7, and T, [Fig. 3(a)], depends
sensitively on the charge state of oxygen vacancy.
Specifically, T, and T, has the vacancy pair aligned along
the long axis a and the short axis c, respectively. Such local
oxygen vacancy ordering is almost inevitable statistically
even at a low vacancy concentration (see Sec. L.LE and
experimental evidences in Sec. III of Supplemental
Material [48]). The energies of VQ@T, and VQ@T, are
comparable when the oxygen vacancy is charge neutral, but
V3" @T . becomes rather unstable relative to V4" @T, after
the electron entrapment of V% - Vé*. The strong impact
of V&' on the relative stability is confirmed with both 96-
atom and 768-atom supercells (Table S3 [48]). We perform
a series of calculations to identify and separate the con-
tributions to the change in the relative stability (see Sec. [V
of Supplemental Material [48]). As shown in Fig. 3(b), the
electronic screening already makes V%*@Ta containing
V" more stable than V3" @T . by 0.55 eV. We compute the
displacements of all Wannier centers (WCs, roughly
viewed as the positions of electrons, Fig. S8 [48]) after
V9 — V2. The displacements of some WCs in T, are
much larger than those in 7', indicating a more substantial
electronic charge density redistribution in 7,. The most
displaced WC in Vé’L@Ta is of Hf-5p character (Fig. S9
[48]). After incorporating the effects of ionic screening and
lattice relaxation, Vé+@Ta containing V%;r remains more
stable than V3" @T. by 0.53 eV.

The MEPs connecting V3" @T, (V4" @T,) to the most
stable configurations of M and PO phases containing V"
are shown in Fig. 3(c). We find that V3" @T,. — V3" @PO
with a barrier of 24 meV/f.u. is kinetically favored over
VT @T, — VET @M with a barrier of 54 meV/f.u., while
M and PO remain well separated by a large barrier.
Therefore, Vé+ promotes 7. — PO but suppresses
T.—> M. As T, is more difficult to undergo phase
transitions [Fig. 3(c)], it also explains why as-prepared
thin films of HfO, often exhibit a high volume fraction of
nonpolar 7 phase.

The V%;L—promoted nonpolar-polar structural polymor-
phism, 7. — PO, likely plays an important role for the
emergence of ferroelectricity. A capping electrode was
often required to induce the ferroelectricity in Si-doped
HfO, thin films [74,75]. This could be due to the easy
formation of Vé+ at the metal/HfO, interface as the two
electrons of VOO may fall to the metal Fermi level [39]. Since
raising the temperature effectively increases the charge-
carrier concentration, we propose that during the high-
temperature annealing treatment of thin films, the forma-
tion of V%;” at the metal-HfO, interface is facilitated such
that the occurrence of T, — PO becomes substantial.
Recent observations that the light ion bombardment can
greatly enhance the ferroelectricity in HfO,-based thin

films [62] corroborates the V(zf—promoted formation of
polar HfO,. The difficulty to obtain the PO phase of HfO,
through bulk synthesis may be attributed to the high
formation energy of oxygen vacancy in bulk HfO,
(6.38 eV) [76]. Moreover, the necessity of V%+ for T, -
PO is consistent with a large body of experimental data that
nearly all cation dopants inducing ferroelectricity in HfO,-
based thin films are of p type because the substitution of
Hf*+ with acceptor dopants such as YT naturally promotes
the formation of V3" to maintain charge neutrality. The
latest verification of intrinsic ferroelectricity in yttrium-
doped HfO, thin films with a large remnant polarization of
64 uC/cm? [77] serves as another example supporting our
hypothesis. For the same reason, the emergence of ferro-
electricity in nitrogen-doped HfO, [29] could be arising
from V3" that compensates Ng [78].

The finding that Vé+ can strongly modulate the relative
configurational stability is not unique to the 7 phase. We
discover an oxygen-deficient configuration of M (denoted
as M,) which is stable with VQ but becomes highly
unstable upon the charge entrapment from V%. It is
kinetically feasible for V%*@M 5, to transform to
Ver@T, /T, and V5 @PO (< 29 meV/f.u.), highlighting
that V%’L can enable a previously forbidden transition of
M — PO. We also identify a configuration of PO, denoted
as PO;,, which is destabilized by Vé* and easily transforms
to nonpolar 7" and M phases. Contributions to the destabi-
lization effect of Vf)+ are separated and quantified for M,
and PO,;, revealing a subtle competition between the
electronic or ionic screening and lattice relaxation (see
Sec. IV of the Supplemental Material [48]). The phase
transition network involving multiple polymorphs contain-
ing V%;“ [Fig. 3(d)] reveals that V%;“ can enable facile
transitions among nopolar M and T phases and the polar
PO phase, the kinetic barriers of which are lower than the
polarization switching barrier of the PO phase
(=55 meV/f.u.). We suggest that the charge state of V
is another tuning knob to modulate the stabilities among
competing phases in addition to epitaxial strain and electric
boundary condition in modern thin-film technology [79].

The intricate coupling between V3" and structural
polymorphism kinetics could contribute to performance
instability issues including wake-up and imprint. In a
pristine HfO,-based capacitor at room temperatures, VOO
is the dominant type of oxygen vacancy, as supported by
recent DFT calculations [80] and experiments [40].
Therefore, V) may distribute at the metal-ferroelectric
interface in the matrix of M, T, and PO phases
[Fig. 4(a)]. Upon the application of a voltage, electrons
of V% tend to detrap to the adjacent electrode [top electrode
in Fig. 4(b)], leading to the formation of Vé’L and the
activation of M, - PO and T, — PO [Fig. 4(c)]. The
diffusion of V%;”, recently observed in experiments [68],
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FIG. 4. Schematics of wake-up and inertial switching enabled
by Vf;’—promoted nonpolar-polar structural polymorphisms.
Oxygen vacancies in the right schematics are not shown in (c)
and (d) for clarity.

further helps the nonpolar-polar phase transitions in regions
away from the electrode. Similar processes will occur near
another electrode after reversing the bias. The overall result
is a reduction of M and T and an increase of PO after field
cycling, leading to the wake-up effect [64].

Finally, M;, - PO and T, — PO to some extent explains
“fluid imprint” in ferroelectric La-doped HfO, capacitors
where the imprint is easily changeable and has a strong
dependence on the switching prehistory [11]. As illustrated
in Fig. 4(d), after the application of a preset pulse that
polarize a woken-up capacitor (that still has residual
nonpolar phases), the electron entrapment occurs more
easily near the negative bound charge side. The presence of
V%;r creates a local electric field that aligns with the bulk
polarization, a probable source of imprint field (E;). Even in
the absence of additional bias, the Vé*—promoted nonpolar-
polar phase transitions, due to their low kinetic barriers
(< 29 meV/f.u.), could still occur driven by E;, leading to
continued polarization switching toward the same direction
as the previously applied field, a feature of “inertial
switching” [11]. The fluid imprint is associated with an
evolving microstructure with a changing volume fraction of
the PO phase.

In summary, the robust ferroelectricity of the Pca2,;
phase against charge doping highlights the necessity of
understanding the effects of charged defects on the ferro-
electric properties of HfO,-based devices. Our DFT

calculations suggest that the positively charged oxygen
vacancy can drastically modulate the relative configura-
tional stability of the same phase. The V%;“-promoted
nonpolar-polar structural polymorphism is probably an
overlooked yet important mechanism for the emergence
of polar Pca2, phase in HfO,-based thin films, offering a
new perspective to experimentally observed electrode and
doping effects. Generic mechanisms based on the coupling
between Vé* and structural polymorphism kinetics are
proposed to explain performance instability issues. To fully
understand the wake-up and imprint effects, continued
experimental and theoretical efforts are needed. Future
studies focusing on the coupling between structural poly-
morphism kinetics and other extrinsic effects such as strain
and direct experimental characterizations of these mecha-
nisms are important for comprehending this complicated
ferroelectric compound.
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