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Chenxi Yu,"?* Haili Ma,">* Mingqiang Li,>* Fei Liu,">" Xiangxiang Ding,'? Yudi Zhao,'*
Haolin Li,"? Xujin Song,!? Fachen Liu,> Wanwang Yang,"? Jun Xu, Jingmin Zhang,? Xiaorui Hao,>

Lifeng Liu®,'? Peng Huang,'> Peng Gao,* and Jinfeng Kang

12,¥

'School of Integrated Circuits, Peking University, Beijing, China

2Beijing Advanced Innovation Center for Integrated Circuits, Peking University, Beijing, China

*Electron Microscopy Laboratory, School of Physics, Peking University, Beijing, China

® (Received 16 March 2024; revised 7 June 2024; accepted 16 July 2024; published 9 August 2024)

HfO,-based ferroelectrics (FE-HfO,) have triggered extensive research interest because they are
promising materials for beyond-Moore electronic device applications. However, the origin of ferroelectric-
ity in HfO,-based ferroelectrics remains elusive. Here, we demonstrate that the ordered oxygen vacancies
(Vo) in FE-HfO, thin films contribute to ferroelectricity through the formation of a stable-polar phase.
In FE-HfO, thin films, oxygen vacancy (Vo) defects induce local electric dipoles and the ordered Vo
distribution results in the stable-polar phases. Using first-principles calculations, a thermodynamically
stable-polar phase M, with the spontaneous polarization of 27 uC/cm? is predicted in monocliniclike
Hf;Zr4O,5 structures. Moreover, the predicted M structures are directly visualized in HfjsZrysO;_s
(HZO) ferroelectric thin films using spherical aberration (Cs)-corrected scanning transmission electron
microscopy. The proposed mechanism for Vg-induced order-disorder ferroelectricity in FE-HfO, opens a
new pathway to explore the underlying physics of the ferroelectric characteristics in FE-HfO,.
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I. INTRODUCTION

The discovery of ferroelectricity in doped HfO, thin
films [1] has triggered extensive research interest due to
the excellent scalability and compatibility with modern
CMOS technology [2—4]. The robust ferroelectricity has
been widely demonstrated in FE-HfO,, even undergoing
more than 10'' times switching cycling [5,6] or at an
ultrathin thickness of less than 3 nm [3,7]. Various the-
oretical calculations and experimental studies have been
carried out to investigate the underlying physical mech-
anisms of FE-HfO, ferroelectricity [8-33]. Up to now,
the ferroelectricity of FE-HfO, is generally attributed to
the formation of a metastable polar orthorhombic phase
(space group Pca2;, named o-FE) [8—11]. Tremendous
work has been performed to identify the critical factors
to stabilize the metastable o-FE phase, taking account
of various effects such as dopants [12—18], grain bound-
ary [19,20], strain [21], interface [22,23], Vo concen-
tration [24-31], and fabrication process conditions [32,
33]. However, the related physical explanations are still
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questionable and elusive. As summarized in a compre-
hensive review article by Schrodder et al. [34], various
theoretical investigations have revealed that the thermody-
namic stabilization of the ferroelectric o-phase with Pca2,
symmetry is unlikely. The reasonable physical explana-
tions for the experimentally observed ferroelectricity based
on the o-FE theory require kinetically limited fabrication
conditions. However, numerous studies indicated that it is
quite an easy task to realize robust ferroelectricity in vari-
ous HfO,-based ferroelectric films or devices [14—16,33].
Recently, other polar phases were reported to contribute
to the robust ferroelectricity beyond the o-FE phase, such
as monoclinic phase in oxygen-deficient HfO, [29] and
rhombohedral phase in Hf(Zr)-excess Hf(Zr), . O, [35].
These facts imply that it is necessary to explore a new
physical principle beyond the o-FE phase formation the-
ory to elucidate the essential origin of ferroelectricity
in FE-HfO,. Recently, the close relation between oxy-
gen vacancies and ferroelectricity has been demonstrated,
although the underlying mechanism remains elusive
[24-31]. We propose that the ordered Vg in HfO, thin
films contribute to ferroelectricity through the formation
of stable ferroelectric phases by order-disorder transi-
tion, which can account for the robust ferroelectricity in
HfO,-based thin films with various dopants under different
fabrication processes.
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I1I. OXYGEN VACANCY INDUCED
FERROELECTRICITY

A basic assumption of the o-FE phase formation the-
ory is that the ferroelectricity of HfO,-based ferroelectrics
results from the structural transition from a centrosymmet-
ric nonpolar paraelectric phase to a noncentrosymmetric
polar one through the displacement of oxygen anions
from the Hf cations in the lattices of the stoichiometric
HfO,-based materials. This means that the o-FE HfO,
is classified as displacive ferroelectrics similar to some
of the most common perovskite-type ferroelectrics. Such
an assumption and derived conclusions are reasonable
for the stoichiometric HfO,-based crystalline materials
without defects. However, it is well-known that the exis-
tence of Vg is intrinsic in HfO,-based thin films [28,36].
First-principles calculations show that Vo has the low-
est formation energy under low oxygen partial pressure
[37,38]; therefore, Vg is the dominant defect under practi-
cal conditions. Various theoretical and experimental results
have demonstrated that the ferroelectric properties of FE-
HfO,, especially the polarization switching behaviors,
are strongly correlated with the distribution and dynamic
behavior of Vg [24-31]. In our previous study [31], first-
principles calculations based on density functional theory
(DFT) indicate that Vg in the supercells of the monoclinic
HfO, (space group P2;/c, named m-phase) can induce
localized electric dipoles with different magnitudes and
directions at different locations. Electric cycling behavior
can be explained by the dynamic behavior of V under an
applied electric field. Similarly, Rushchanskii et al. stud-
ied the ordering pattern of Vo in substoichiometric HfO,_;
[29]. Based on first-principles calculations, they predicted
a monoclinic phase in substoichiometric HfO,_s with
spontaneous polarization. These theoretical results seem to
indicate that the properties of intrinsic Vg defects in HfO,-
based thin films are similar to cation ions such as H* or
vacancy defects in the typical order-disorder ferroelectrics
[39—41], such as the KH,PO4 (KDP) family [39] or dipole
glasses [41]. In typical order-disorder ferroelectrics, fer-
roelectricity results from the ordering transition of the
permanent electric dipoles induced by the cation ions or
vacancy defects from the disordered state to the ordered
state. For HfO,-based ferroelectrics, we propose that the
intrinsic V¢ induces localized dipoles, which contribute
to robust ferroelectricity through the formation of a stable
ferroelectric phase via an order-disorder transition. Based
on the mechanism of Vg-induced ferroelectricity, we can
deduce that annealing and wakeup processes are benefi-
cial to the ordering of vacancies that, as a consequence,
strengthen ferroelectricity in HfO, thin films, as confirmed
in previous reports [13,42]. The migration of vacancies
under an applied electric field [28] and the enhanced ferro-
electricity under oxygen-deficient conditions [34] can also
be naturally explained.

To quantify the measured ferroelectric characteristics of
various FE-HfO, devices, we developed a physical model
based on the proposed assumption. In the proposed phys-
ical model, the dynamic behaviors of FE-HfO, systems
are assumed to obey the Ginsburg-Landau-Devonshire-
type theory for ferroelectrics [43], which is described by a
double-well potential model of free energy landscape F as
a function of the polarization P [Fig. 1(a)]. In Ginsburg-
Landau-Devonshire theory, free energy is expanded by
order parameter. For ferroelectrics, electric polarization P
is the order parameter that changes during phase transi-
tion. The two degenerate energy minima [Fig. 1(a)] define
two stable spontaneous polarization states (£P,) of a ther-
modynamically stable phase, which can be reversed under
an applied electric field. Here, Vg in FE-HfO, breaks the
central symmetry in most of the nonferroelectric phases,
such as monoclinic and tetragonal phases. The symmetry
breaking caused by the formation of Vo induces local-
ized dipoles [Fig. 1(b)] of which the orientations are
related to the positions of Vg in the crystal [Fig. 1(c)].
We assume that Vo distribution is ordered in the ferro-
electric phase while disordered in the paraelectric phase
[Fig. 1(d)]. Furthermore, we can develop corresponding
theoretical calculation methods to identify the polar phases
and the critical impact factors for the formation of a sta-
ble ferroelectric phase in HfO,-based oxides. The stable
ferroelectric polar phase of a given FE-HfO, system can
be identified on the assumption that Vo has an ordered
distribution, taking account of various correlated factors
such as the concentration of Vo and dopants, strain, sur-
face and interface, or electrodes. DFT calculations are an
effective and efficient method to identify the stable fer-
roelectric polar phase. Once the stable ferroelectric polar
phase is obtained, the ferroelectric properties can be eas-
ily determined, including polarization states, spontaneous
polarization, and switching pathways.

II1. DENSITY FUNCTIONAL CALCULATIONS

To verify the validity of the proposed physical principle
and theoretical calculation methods for the identification
of the stable-polar phase in FE-HfO,, the corresponding
theoretical calculations and experimental verifications for
a given Hfy5Zrys0,_s (HZO) system were sequentially
carried out. For the theoretical calculations, we first stud-
ied the structural properties of the substoichiometric HZO
by DFT-based first-principles calculations combined with
an evolutionary algorithm, using the Vienna ab initio sim-
ulation package (VASP) [44,45] and USPEX code [46,47].
Vacancies in substoichiometric Hfj 5Zry50,_s introduce
in-gap states and a large density of in-gap states may lead
to extensive leakage. The density of in-gap states decreases
as Vo concentration decreases, as discussed in Fig. S2
in the Supplemental Material [48]. We determined that
a concentration corresponding to § =0.125 is reasonable
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FIG. 1. Proposed order-disorder behavior of ferroelectric HfO, due to vacancy ordering transition. (a) Free energy (vertical axis
F) versus electric polarization (horizontal axis P) graph showing a double-well potential shape in the ferroelectric state, in which
polarization states with positive and negative polarization are located in two valleys. The black square with arrows shows the direction
of localized dipoles of ferroelectrics in the ferroelectric state. Red arrows are dipoles pointing upward and blue arrows are dipoles
downward. For order-disorder ferroelectrics, dipoles are maximally ordered in the ferroelectric state. (b) In HfO,-based ferroelectrics,
intrinsic oxygen vacancies induce localized dipoles by symmetry breaking. This mechanism is not limited to the monoclinic HfO,
phase, which is used for demonstration. (c) Dipole direction relating to the position of Vo, where upward and downward dipoles (P,
and P4own) and corresponding Vo positions in the cells are demonstrated. (d) Transition from disordered paraelectric state to ordered
ferroelectric state, i.e., a disorder-order transition, in which the disordered dipoles are aligned to a certain direction. The HfO, phases
with disordered dipoles are paraelectric, while the HfO, phases with ordered dipoles are ferroelectric (as shown in the figure).

in FE-HZO thin films. Thus, we performed an extensive  oxygen-deficient phases are grouped by their structural
study of the Hfj sZro50,_s stoichiometry with 6§ =0.125 similarity to the stoichiometric HZO phases. There are
and made a comparison among all the oxygen-deficient  four groups of oxygen-deficient phases (three of which are

phases. introduced above): monoclinic, orthorhombic, tetragonal,

An HZO unit cell with one Vg in 24 atoms is first  and distorted tetragonal (df) phases. The total energy ver-
constructed to search for the possible atomic configura-  sus volume diagram for all the oxygen-deficient phases is
tions distinguished by the local Vg arrangements. Oxygen-  presented in Fig. 2(a), where the lowest energy is achieved

deficient monoclinic (m), orthorhombic (0), and tetragonal ~ in the monoclinic M| phase. The atomic structures of the
(1) phases (space group P4,/nmc, named tetragonal phase)  relevant phases are shown in Fig. S1 in the Supplemental
are constructed as initial structures for structure searching. Material [48].

The latter uses the evolutionary algorithm implemented The molecular dynamics simulation via CP2K [50] indi-
in the USPEX code [46,47]. For each generation in the  cates that the M structure is dynamically stable at room
evolutionary algorithm, 60% of the structures with the  temperature [Fig. 2(b)]. Therefore, the Vg ordering in the
lowest energy were used to produce the next generation,  atomic structures of the M phase is the preferred form
and 50 generations were simulated. Offspring structures in Hfy5Zry50,_s thin films compared with other phases
in the next generation were produced using the operators  under certain practical conditions. It is well-known that
implemented in USPEX [49]. Detailed methods for structure the stoichiometric monoclinic HZO phase (M) is nonpo-
searching are shown in the Appendix A 1. The resulting  lar without spontaneous polarization. However, electronic
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FIG. 2. Structure searching for the stable ferroelectric phase in Hfys5ZrpsO,_s. (a) Energy as a function of the volume of
Hfy 5Zry50,_s crystalline structures obtained from the evolutionary algorithm. The resulting oxygen-deficient phases are grouped
into four groups: the m, o, ¢, and df phases. The M, O,, T, and DT, phases are the lowest energy phases of the m, o, ¢, and df phases,
respectively. The dt phase is a distorted tetragonal phase with large lattice distortion. The M| phase has the lowest energy of all the
phases. (b) Molecular dynamics simulation indicating that the M| phase is dynamically stable at 300 K. Small changes in the lattice
constants, angles between lattice vectors, and small root-mean-square deviations (RMSD) during the simulation indicate that no phase
transition occurs for the simulation time of 10 ps.

polarization can be induced by Vo due to central sym-  characteristics of ferroelectric phases that are substantially
metry breaking and the ordered distribution of Vg gives  different from the continuous polarization distributions in
rise to macroscopic ferroelectric polarization. Two polar-  perovskite ferroelectric phases.

ization states of the M| phase and the polarization switch- Our calculations demonstrate that the theoretical polar-

ing path are demonstrated in Fig. 3. Localized dipoles  ization of the M phase is P,=27 pC/cm? [Fig. 4(a)]
induced by Vg are aligned and separated by nonferroelec-  using Berry phase methods implemented in VASP [44,45]
tric (nonFE) layers. The localized dipoles and nonferro-  along the switching path in Fig. 3, which is close to the
electric layer in the M| phase are similar to the polar cell  reported results [51,52]. Therefore, it is reasonable to con-
and spacer layer in the orthorhombic phase, as reported in ~ clude that the formation of the Vg-ordered M| phase and
Ref. [11], which indicates that the robustness of ferroelec-  the switching between the two stable polarization states
tricity in nanoscale HfO, may originate from the structural ~ are responsible for ferroelectric behaviors observed in

M; switching caused by Vo migration
non-FE FE

FIG. 3. Crystalline structure and switching mechanism of the M| phase. Here, Vg is highlighted using red balls and blue dashed
circles. The M phase consists of ferroelectric (FE) layers and nonferroelectric (non-FE) layers. Localized dipoles induced by Vg
are located in FE layers and are separated by non-FE layers, which leads to robust ferroelectricity in HfO,. Polarization switching is
caused by the migration of Vg in the M phase to the adjacent oxygen position, highlighted by a red dashed circle (or, equivalently,
the migration of oxygen atoms to the adjacent V). The final structure on the switching path is the spatial reversal of the M| phase.
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FE-HZO. The electronic polarization switching is
associated with the transition between the Vg-ordered
M structure and its spatial reversal, accompanied by
the Vo exchange between neighboring asymmetrical sites
that correspond to the polarization reversal (Fig. 3). The
energy as a function of Vg reaction coordinates along the
polarization switching path from —P, to +P, is also plot-
ted [Fig. 4(b)]. The calculated barrier of the polarization
switching is about 51 meV/atom based on the oxygen atom
diffusion model by the VTST package [53,54]. The real
switching path may have a lower barrier impacted by var-
ious factors. One of these factors is the ordering transition
of Vo during the switching process. We found a possible
path with a switching barrier of 25 meV/atom (Fig. S3 in
the Supplemental Material [48]), in which the ordered Vo
becomes disordered during switching and returns to the
ordered state after switching. Another factor is the charge
effect, where the ferroelectric switching barrier is lowered
if vacancies are charged [55,56]. We calculated the effect
of charged vacancies and found that the barrier of the path,
in Fig. S3 in the Supplemental Material [48], lowers to
15 meV/atom if vacancies are charged.

Other factors include the displacement or tunneling of
oxygen atoms (O) or ions (O?7), drift and diffusion, or gen-
eration and recombination of Vo with O?~ similar to the
switching process occurring in resistive switching devices
[27-30]. On supposing that the dynamic behaviors are
dominated by the stochastic generation and recombina-
tion of Vg, the similarity of switching behaviors between
FE-HfO, devices and resistive switching devices can be
expected, as reported in previous publications [25,57—59].
In this case, the key ferroelectric switching parameters,
such as the coercive field E., can be determined by the
parameters associated with the generation and recombina-
tion or diffusion of Vg in FE-HfO,. It should be noted that
the above DFT calculations are only based on the fixed

(a)
30 >
P,=27 uClcm
~ 20| r K +P,
£
o
o 10}
=
s 0
g
5 -10+
[
0. =20 = Polarization
-P, Fitted curve|
-30 L : : -
0 1 2 3

Transition path (A)

concentrations of dopant and V¢ without surface and inter-
face or electrode. Other factors, such as the surface and
interface or electrode, different dopants, and different con-
centrations of dopant and Vg, may result in the various
stable-polar phases, as discussed in Appendix E.

IV. EXPERIMENTAL CHARACTERIZATION

Next, the corresponding experimental verification of
the Vp-ordered stable-polar M| phase predicted by the
theory calculations was performed. The transmission
electron microscopy (TEM) technique is an effective
method to characterize the phase structure and ferroelec-
tric properties of HfO, thin films [60]. The combined
electron microscopy techniques, including high-resolution
transmission electron microscopy (HRTEM), aberration-
corrected scanning transmission electron microscopy
(STEM), and electron energy-loss spectroscopy (EELS),
were sequentially implemented to detect M structures
in the fabricated FE-HZO samples, in which the typical
robust ferroelectric switching behaviors were measured
[Figs. 5(a) and S6 in the Supplemental Material [48]].
The use of high spatial resolution and easily accessible
HRTEM can not only help us identify the monoclinic
structures (of both perfect My without oxygen vacancy
and M) in polycrystalline HZO thin films rapidly, but
also provide some basic sample information such as mor-
phology, thickness, grain size, and even crystal quality,
etc. For example, the diameter of our FE-HZO grains is
1520 nm according to the HRTEM images (Fig. S7 in
the Supplemental Material [48]). In addition, some more
detailed structural features and the oxygen-deficient sta-
tus of FE-HZO thin films need to be further characterized
via Cs-STEM and EELS. We note that it is a challenging
task to identify the targeted M structures in the ultrathin
FE-HZO layers with the mixed and complex polymorphic
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FIG. 4. Electronic polarization and switching path of the M phase. (a) Polarization as a function of oxygen vacancy (Vo) reac-
tion coordinates along the polarization switching path in Fig. 3 from —P, to +P,. The spontaneous polarization P, is calculated
as 27 uC/cm?. (b) Energy along the polarization switching path in Fig. 3. The switching potential has a double-well shape for an

order-disorder type ferroelectric system.
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FIG. 5.

Selection for monoclinic structures in polycrystalline FE-HZO thin films. (a) Measured P—V curves in the device of TiN

(30 nm)/Hfj 5Zry 50,5 (15 nm)/TiN (40 nm) by the PUND measurement method. The typical ferroelectric loop behaviors were
observed. (b) HAADF image of the aligned HZO grain located at the thinnest FIB area (Fig. S10 in the Supplemental Material [48]).
(c)e) FFT patterns taken from the top, middle, and bottom parts of the experimental HAADF image shown in (b), respectively.
(f) Comparison between lattice parameters of (021)-oriented M| model and experimental measurements. Note that the middle parts of
the aligned HZO grain effectively match with the M structures along the (021)-direction, while the parts close to the top or bottom
electrode have totally different structures due to their large angle deviations. Based on our findings, it can be reasonably conjectured
that the surface and interface, or electrode and oxygen vacancy (Vo) accumulations, may heavily affect HZO structures.

phase structures due to the weak scattering of oxygen
atoms. Fortunately, the integrated and differentiated dif-
ferential phase contrast (iDPC/dDPC) STEM techniques
could be employed to obtain local electrostatic potential
field and charge density distribution of the thin sample,
which are able to directly identify oxygen atomic columns
in FE-HZO thin films with higher spatial resolution and
without the limitation of specimen geometry, offering a
new method to solve this challenging issue [61—63].

In our FE-HZO layers, we noticed that a number of
virgin grains in HRTEM images feature that contains a
double-modulated stacking with an inclined orientation,
which seems to have monoclinic HZO structures (Figs.
S8 and S9 in the Supplemental Material [48]). There-
fore, these kinds of featured structures and corresponding
electron diffraction patterns can be used as indicators for
the preliminary selection of monoclinic HZO structures
in the polycrystalline FE-HZO layers. It is experimen-
tally found that most of these monoclinic HZO structures
in our FE-HZO layers are near or can be aligned toward
the (021)-zone axes. Note that the (021)-zone axis is
calibrated using the 1 x 1 x 2 supercell of the monoclinic

phase, which has 24 atoms. Moreover, in STEM, the
operational range is only +23°. As a result, we chose
one featured grain with double-modulated stacking from
the thinnest area of the focused ion beam (FIB) sample
(Fig. S10 in the Supplemental Material [48]) and carefully
aligned it to the crystal zone axis of (021) for atomic-
resolution imaging [Fig. 5(b)]. As mentioned before, our
DFT calculations were only based on the fixed concen-
trations of dopant and Vo without surface, interface, or
electrode. Thus, the middle parts of the monoclinic HZO
grains were mainly focused on in our experiments. Inter-
estingly, we found that the middle parts of the selected
grain were effectively matched with M| structures along
the (021)-direction [Figs. 5(c)-5(f)], while the parts close
to the top and bottom TiN electrodes contain totally differ-
ent structures due to their large angle deviations. Actually,
the parent monoclinic structures of M and M are nearly
the same but their oxygen configurations are different
(Fig. S11 in the Supplemental Material [48]). Therefore,
we undoubtedly need to choose dDPC instead of high-
angle annular dark-field (HAADF) imaging to visualize the
oxygen atomic columns in the crystal lattices.
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FIG. 6. EELS experiments for FE-HZO thin films. (a) HAADF image of the sample. EELS line scanning implemented along the
green line. (b)y«(d) O K EELS spectra of the three different regions given in (a) averaged across the TiN/FE-HZO/TiN stack. (e)
Measured a:b ratio values of corresponding regions marked in (a). The calculated ratio value of a:b peak intensity increases from 0.44
to 0.55 and then decreases to 0.37 in O K edges when the line profile is across the stack, which implies that the oxygen vacancies
mainly accumulate near the TiN electrodes. Note that the a:b ratio obtained from the peak area also shows the same trend.

To trace the distribution of V¢ inside the FE-HZO lay-
ers, we conducted an EELS analysis of the O K edge for
the FE-HZO layers (Fig. 6). From the EELS results, we
further extracted the average O K spectra for three different
regions in the FE-HZO layers [Fig. 6(a)]. In this case, the
O K energy-loss near-edge structure of HZO also presents
a characteristic doublet-peak shape denoted as peaks a and
b [30,64]. According to previous reports, the formation of
Vo reduces the first peak, a, intensity of the O K doublet
edge when other factors are held constant [65,66]. Further-
more, the intensity peak ratio of a:b increases from 0.44
to 0.55 and then decreases to 0.37 in O K edges when
the EELS line profile crosses the HZO layer [red curve in
Fig. 6(e)], which suggests that Vg tend to accumulate close
to the interface between the HZO layer and the TiN elec-
trodes similar to previous reports [67,68]. It is noted that
a comparable trend is obtained when performing a quanti-
tative analysis on the peak area of a and b [black curve in
Fig. 6(e) [48]].

To further discern Vg and its configuration, the atom-
ically resolved STEM-iDPC/dDPC images of the aligned
HZO grain were acquired. In particular, the middle parts of
the selected grain [Fig. 5(b)], where monoclinic structures
were mainly focused. Based on the (021)-oriented M

atomic model, the HAADF and then the dDPC simula-
tions were performed to help understand the experimen-
tal results [Fig. 7(a)]. Owing to the Z-contrast nature of
HAADF imaging (where Z is the atomic number), the
intensity increases as the total number of atoms and/or their
atomic number increase in each column [61,69]. Thus, the
brightest spots in the HAADF images [Figs. 7(a-i) and
7(b)] are the Hf/Zr sites. The interstitial oxygen atomic
columns cannot be directly observed via HAADF due to
their very weak electron scattering [61]. Instead, oxygen
atomic columns can be visible along with the heavy Hf/Zr
elements in both iDPC [Fig. S12 in the Supplemental
Material [48]] and dDPC images [Figs. 7(a-ii) and 7(c)].
Owing to the much lower atomic number, the interstitial
oxygen atomic columns show a weaker image intensity
compared with Hf/Zr in both iDPC and dDPC images [62].
In our case, however, the image quality of iDPC is worse
than that of dDPC even after being Wiener filtered (Fig.
S12 in the Supplemental Material [48]). Hence, the image
contrast of dDPC was further inverted and shown in false
color for improved visualization of the interstitial oxygen
configuration.

The dDPC simulations based on the atomic structures
of M along the (021)-direction can be used to determine
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Detection of M| structures with ordered Vg in the aligned grain through an atomic-resolved dDPC image. (a) Atomic model

of M structures along the (021)-direction. (i)(ii) Simulated HAADF image and the false-colored dDPC simulations calculated using
the (021)-oriented M| model, respectively. In (a-ii), the corresponding atomic models are overlaid and the positions of the red circle
indicate the sites of oxygen vacancy (Vo). (b) Experimentally acquired HAADF image of the middle parts of the aligned grain in
Fig. 5(b) [the image was tailored from the middle part of the image shown in Fig. 5(b)]. Inset is the corresponding HAADF simulations
taken from (a-1). The narrow and wide rows are also indicated. (c) Filtered dDPC image with inverted contrast, in which the interstitial
oxygen columns can be visible. The (021)-oriented M| model is overlaid to guide line profile drawing. Note that the top and bottom
TiN electrode positions in (b),(c) are indicated by the turquoise arrows. (d) Results of the line profile taken along corresponding regions
highlighted with dashed lines and solid lines in (a-ii) and (c), in which the periodic variation of charge density at the anionic sites can
be clearly seen (from the simulated image and experimental ones) for M structures. (¢) Enlarged views of the columns taken from
(a-ii) and (c), in which the false-colored image intensity changes to some dotlike rather taillike ones at the oxygen-deficient sites,

demonstrating an excellent quantitative match between theory and experiment.

the local charge density in the interstitial columns in the
selected monoclinic structures. With help from the overlaid
atomic structures of (021)-oriented M phase, the ordered
Vo in the narrow (~2.1 A in width) rows of the crystal
lattices is clearly observed [Fig. 7(a-ii)]. Furthermore, line
profiles of the respective charge densities across the inter-
stitial planes in M| structures are qualitatively compared
between the simulated dDPC image and the experimental
one [Fig. 7(d)]. The periodic variation of charge density
at the anionic sites can be clearly seen for M structures.
Namely, the charge density map from dDPC measurements
effectively matches that from the DFT calculations: both
exhibit similar charge density profiles. Actually, validation

of the dDPC measurements is performed by comparing the
experimental observations of an interstitial unit cell with
the total charge density map calculated using DFT calcu-
lations, which has been proven to be an effective method
[70].

To better discern the sites of ordered Vo, the charge den-
sity map (both the simulated and experimental ones) was
enlarged and it reveals that the charge intensity changes
to some “dotlike” rather “taillike” ones at the oxygen-
deficient sites, which confirms the difference of local-
ized electrons in the interstitial columns in M structures
[Fig. 7(e)]. Furthermore, we identified the polarization ori-
entation in the selected grain (Fig. 8). The polarization
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FIG. 8.

Polarization orientation of the selected grain identified from the theoretical polarization of M structure. (a),(b) Struc-

tural models of the M phase oriented along the [021] and [021] directions, which can be distinguished by the half cell with large
distortion highlighted by a dashed black parallelogram. These two models compose the twin structure in (c). The polarization is
indicated using a red arrow. (c) Selected area of the target grain with a twin structure and different polarization directions. The
green parallelograms highlight half cells with different orientations, which can be used to identify the twin structures. The dashed
green lines are the twin boundaries and domain wall boundaries [three numbered regions have different polarizations, as shown in
(d) and (e)]. (d),(e) Polarization of the selected regions (2) and (3) from (c). The upper part is the simulated dDPC image of the
M phase and the lower part is the experimental dDPC image of the selected area. The polarization is depicted with a light green

arrow.

of the selected grain in the dDPC image can be identi-
fied from the theoretical polarization of the M structure.
It should be noted that the dDPC image is a projection
onto the sample plane. Therefore, the polarization arrow
depicted in Fig. 8 is a projected vector onto the sam-
ple plane. The M structures with different orientations in
Figs. 8(a) and 8(b) compose the twin structure in Fig. 8(c),
with the red arrows indicating polarization direction. From
both the simulated and experimental charge density map
in Figs. 8(d) and 8(e), the different vacancy arrangements
with various polarization orientations can be identified.
Grains with a monoclinic structure and ordered vacancies
are also found in other samples, one of which is shown in
Fig. S13 in the Supplemental Material [48]. Overall, the
charge density map from dDPC measurements effectively
matches that from simulations and DFT, intuitively con-
firming the presence of ferroelectric polar M structures in
FE-HZO thin films.

V. CONCLUSION

In summary, we proposed a mechanism involving
ordered Vg in HfO, that contributes to robust ferroelec-
tricity through the formation of a stable ferroelectric phase
via an order-disorder transition. To verify the proposed
mechanism, we theoretically predicted a stable-polar M
phase in the oxygen-deficient monocliniclike structure for
Hfy 5Zry50,_5, in which two reversible states with the
spontaneous polarization of 27 puC/cm? were calculated.
We used Cs-corrected STEM to characterize the atomic
structure of FE-HZO grains, which effectively corresponds
with the theoretically predicted M, structures. The con-
sistency between experimental observations and theoret-
ical calculations supports the proposed mechanism of
Vo-ordering-induced ferroelectricity. The proposed mech-
anism and the corresponding theory calculation methods
provide valuable insights into the origin of ferroelectricity
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in HfO;-based ferroelectrics, which may open a new path
for the exploitation of HfO,-based materials.
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APPENDIX A: METHODS

1. HZO structure search

We used USPEX [46,47,71] code to search for the
lowest energy phase of HZO with oxygen vacancies
(Hfy.5Z1r950,_5). As discussed in the main text, large oxy-
gen vacancy concentration may lead to extensive leakage
due to the large density of in-gap states. The density of
in-gap states decreases as Vo concentration decreases, as
shown in Fig. S2 in the Supplemental Material [48]. We
determined that vacancy concentration corresponding to
8 =0.125 is practical in HZO thin films. Therefore, we
fixed the composition with § =0.125. We used m-phase
(space group P2,/c), o-phase (space group Pca2;), and
t-phase (space group (P4,/nmc) of the defect-free HfO,
unit cells to construct oxygen-deficient HZO phase as seed
structures to accelerate structure searching. We first sub-
stituted 50% of the Hf atoms to Zr atoms in a defect-free
HfO, unit cell with 12 atoms, then made supercells with

24 atoms by expanding the unit cell in one of the three
axis directions. Finally, one of the O atoms was removed
to form an oxygen vacancy. We have accounted for all
possible arrangements in the substitution and defect for-
mation. These manually constructed structures are used as
seed structures for the following structure-searching pro-
cess. Structures with 23 atoms in the cell, corresponding to
formula Hf;Zr4O s, were optimized iteratively using the
evolutionary algorithm implemented in the USPEX code.
For each generation, 60% of the structures with the low-
est energy were used to produce the next generation,
and 50 generations were simulated. Offspring structures
in the next generation were produced using the follow-
ing operators: heredity, soft mutation, permutation, random
symmetric structure generator, and lattice mutation [49].

2. Structure relaxation and energy calculations

Structure relaxation and energy calculation of stoi-
chiometric monoclinic M, phase and oxygen-deficient
phases obtained by systematic structure searching (such
as My, Oy, and T)) were carried out using VASP code
[44,45] with the same simulation parameters. Species were
treated using the projector-augmented plane wave method,
with 5p®6s25d* valence electron configuration for Hf and
4s?4p%5s?4d? for Zr and 2s?2p* for O. The plane wave
cutoff energy was 520 eV and the Brillouin zone was sam-
pled with gamma-centered k-point meshes with resolution
0.04 x 2 wA~'. Exchange-correlation energy was treated
using the Perdew-Burke-Ernzerhof (PBE) function [72]
and the comparison of PBE and other functions (PBEsol
[73] and SCAN [74]) can be found in Fig. S5 in the Sup-
plemental Material [48]. All the structures relaxed until the
change of energy was less than 10> eV between electron
steps and less than 10~ eV between ionic steps. The struc-
tural data of My, M|, M, (spatial reversal), O, T}, and
DT phases (discussed in the main text) are listed in Tables
S1-S6 in the Supplemental Material [48], respectively. The
atomic structures of the six phases mentioned above are
also given in Fig. S1 in the Supplemental Material [48].

3. Molecular dynamics simulations

We carried out an ab initio molecular dynamics (AIMD)
simulation via CP2K [50] to confirm the thermal stability of
the M| phase. The simulated structure isa 2 x 2 x 1 super-
cell of M| phase with 92 atoms. The PBE function [72]
was used to treat exchange-correlation interaction and the
pseudopotentials of Goedecker, Teter, and Hutter (GTH)
[75] were used to describe the core electrons. Double-¢
split valence plus polarization Gaussian-type basis set was
used to expand the Kohn—Sham orbitals and the plane
wave cutoff was set to 600 Ry. The Brillouin zone was
sampled with the I" point. The Nose-Hoover thermostat
[76,77] and barostat were used to simulate the NpT ensem-
ble under temperature 300 K and pressure 0 GPa. The time
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step for the simulation was set at 1 fs and the number of
steps was 10000 (10 ps).

4. Transition path calculations

We used a solid-state nudged elastic band (SS-NEB)
method to calculate the ferroelectric switching path of the
M | phase using the VTST package [53,54] and VASP code
[44,45]. The climbing image method was used to find the
highest energy image. The initial structure was an M
phase unit cell, the final structure was a space reversal of
the M| phase, and the initial path was constructed by linear
interpolating between initial and final structures. The path
with seven images was optimized until the NEB force on
each atom was less than 1072 eV/A.

5. Polarization calculations

Macroscopic polarization in dielectrics can be formu-
lated in terms of the Berry phase according to the modern
theory of polarization [78]. The path for the Berry phase
calculation of the M phase is the same as the switching
path calculated by the NEB method. The final structure is
the space reversal of the initial structure, and the polar-
ization of the final structure is half of the change of
polarization along the path.

6. Structure visualization

Crystalline structures in all the figures are plotted using
VESTA software [79].

7. Film deposition and device fabrication

The fabrication processes of TiN(30 nm)/Hfy 5721950, _s
(15 nm)/TiN(40 nm) capacitors on p-doped Si (100) sub-
strates are as follows. First, TiN bottom electrodes (BEs)
of 40-nm thickness were formed by ion beam sputter-
ing. Second, 15-nm-thick Hfys5Zry50,_s thin films were
deposited by atomic layer deposition (ALD) at 280 °C. We
used HﬂN(CQHs)CH3]4, ZT[N(C2H5)CH3]4, and HZO as
the Hf precursor, the Zr precursor, and the oxygen source,
respectively. The Hf:Zr ratio was controlled by alternat-
ing deposition of one cycle of HfO, and one cycle of
ZrO,; namely, an ALD cycle ratio of 1:1 (Hf-to-Zr pre-
cursor pulses) was applied to achieve a Zr content of 50%
(cationic ratio of Zr:[Zr + Hf]) in the HfO; layers. Third,
the top electrode TiN of 30-nm thickness was (ion beam)
sputtered and patterned as rectangles with different sizes.
Finally, the as-fabricated TiN/Hfy5Zrys50,_s/TiN ferro-
electric capacitors were annealed for 30 s at 500°C in a
nitrogen atmosphere to crystallize the Hfyy 5Zry50,_s thin
films.

8. Ferroelectric properties measurements

The ferroelectric hysteresis loop and further positive-up-
negative-down (PUND) measurements were implemented

using a B1530A module in an Agilent BIS00A semi-
conductor device analyzer. In addition, 1 KHz triangular
wave and 250 Hz PUND pulse series were generated
by a BI530A waveform generator/fast measurement unit
(WGFMU) and applied on a 40 x 40 um Hfj 5Zr) 50,5
ferroelectric stacks, with set and reset voltage amplitude
ranging from 1 to 4 V. The charge density was calcu-
lated based on the transient current and integration time.
An obvious hysteresis loop was also measured even after
10° set and reset cycles, which confirms the robust macro-
scopic ferroelectricity in the samples.

9. HRTEM characterization

The annealed TiN/Hfy5Zry50,_s/TiN capacitors were
fabricated into a cross-section sample by using a dual-
beam FIB technique in a FEI Helios G4 system, including
the low-pressure polishing process at 5 and 2 keV, and then
cleaned in Gatan 691 PIPS at 1-0.5 keV to remove the
residual contamination and any possible damage. High-
resolution transmission electron microscopy (HRTEM)
was performed on an aberration-corrected (Cs)-corrected
FEI Themis electron microscope operated at 300 kV.
HRTEM images were acquired at 460 000 x magnification
by using a CCD camera (Cete 2, FEI).

10. STEM characterization

The atomic-resolution HAADF images of the targeted
grain along (021)-zone axes were obtained using a Cs-
corrected STEM instrument (FEI Titan Cubed Themis G2
300) at 300 kV with a probe convergence semiangle of
~21.4 mrad. The HAADF-STEM images were taken by
an annular dark-field image detector with the inner semian-
gle larger than 79 mrad. The atomic-resolution integrated
and differentiated differential phase contrast (iDPC and
dDPC, respectively) STEM images were obtained under
a Cs-corrected STEM (FEI Titan Cubed Themis G2 300)
operated at 300 kV with a convergence semiangle of
21.4 mrad. Four images used for 2D integration and dif-
ferentiation were acquired by a 4-quadrant DF4 detector
with an optional high-pass filter applied to reduce the low-
frequency information in the image. The collection angles
of iDPC and dDPC were set at 421 mrad.

11. HRTEM image simulations

HRTEM images were simulated using the software
package RECIPRO [80]. An electron with an accelerating
voltage of 200 kV and spherical aberration Cs =1.2 mm
was used throughout our simulation. The tilting angle,
thickness of the sample, and the defocus value were var-
ied from 0°—4°, 1050 nm, and —10 ~ —50 nm, respec-
tively. The zone axis of M| and M, were taken along
the (021)-direction. Due to the distortions induced by Vo
being so small, the comparative results could, thus, not
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distinguish the M| and M, phases through the experi-
mental measurement of HRTEM and even HRTEM image
simulations.

12. HAADF and DPC image simulations

HAADF and DPC image simulations were carried out
by using the software package DR. PROBE [81]. A 300-
kV electron beam with a convergence angle of 25 mrad
and a collection angle of 63—200 mrad for the HAADF
detector was employed. The collection angle for the seg-
mented detector was 623 mrad. The sample thickness is
set at 5 nm. A probe size of ~0.04 nm was also used to
simulate the broadening due to effective beam size, ther-
mal vibrations, and mechanical vibrations. The dDPC and
iDPC images were directly calculated from the as-obtained
DPC images.

13. Phase calibrations and error calculations

The interplane distance of two main lattice planes and
the angle between them were chosen to implement the
phase calibrations. The values obtained from the HRTEM
and HAADF images (or corresponding FFT patterns) were
compared. Normally, it is considered to be acceptable
when errors of interplane distance are within 4% and the
angle discrepancy is around 1°. Subsequently, comparison
work for the atomic models along a particular zone axis
with the experimental data was also undertaken. The errors
of interplane distance can be calculated according to the
following simple math formula:

Measured Values - Caculated Values

Errors = x100%.

Caculated Values

14. iDPC/dDPC-STEM image analysis methods

The iDPC and inverted dDPC are recently developed
phase imaging techniques based on the center of mass
movement of convergent electron beam diffraction patterns
[61]. They are complementary to each other and are good
approximations of their counterparts based on the center of
mass. The iCOM and dCOM techniques are linear in phase
and the Laplacian of the phase of the thin sample trans-
mission function, respectively [62]. For very thin samples,
the iDPC and inverted dDPC are linear in the projected
electrostatic potential and the charge density distribution,
respectively [61,63]. As a result, unlike the HAADF imag-
ing, the interstitial light (e.g., oxygen) atoms close to the
heavy atomic lattice can be visible. Owing to the much
lower atomic order, the interstitial oxygen columns show a
weaker image intensity compared with the Hf/Zr columns
(Figs. 7 and S12 in the Supplemental Material [48]). In
theory, noise suppression is best in iDPC, intermediate in
DPC, and worst in dDPC. In our case, however, the exper-
imental image quality of dDPC is improved compared

with that of iDPC (Fig. S12 in the Supplemental Mate-
rial [48]). Based on the filtered dDPC image, false color
was employed for improved visualization of the intersti-
tial oxygen configuration (Fig. 7). To better understand
the dDPC results, line profiles of the respective charge
densities across the interstitial column in M structures
are quantitatively compared between their simulated and
experimental dDPC results [Fig. 7(d)].

15. EELS spectrum imaging (SI) analysis of the O K
edge

The EELS spectra were first background-subtracted and
then fitted by the nonlinear least-square (NLLS ) method
with the software package DIGITALMICROGRAPH. Two
Gaussian functions were used to fit the EELS signals in
an energy window of 525-540 eV.

APPENDIX B: PHASE NAMING CONVENTIONS

Lowercase letters such as m, o, and ¢ refer to a general
monoclinic, orthorhombic, and tetragonal phase, respec-
tively. The dt phase is the distorted tetragonal phase with
large lattice distortion. Uppercase letters are reserved for
a specific phase; for example, M| refers to a monoclinic
phase with specific vacancy ordering.

In addition, M stands for monoclinic and the number
represents the oxygen vacancy ordering. Specifically, the
subscript 0 stands for no vacancies. For example, M
stands for the monoclinic HZO phase with no vacancies,
and M denotes the monoclinic HZO phase with vacancy
ordering of the first type.

APPENDIX C: POSSIBLE SWITCHING
MECHANISM OF THE M,; PHASE

The switching barrier in Fig. 4(b) is relatively high,
while the real switching process may take a different path.
In our proposed mechanism, ferroelectricity originates
from the order-disorder transition of vacancies; therefore,
the ferroelectric switching path may traverse through the
disordered intermediate states. We found an energetically
favored transition path (as depicted in Fig. S3 in the Sup-
plemental Material [48]). The initial and final structures are
2 x 2 x 1 supercells (2 x 2 x 1 x 23 =92 atoms) of the M
phase. The vacancy concentration is kept the same as the
unit cell of the M phase by constructing four vacancies
in the 2 x 2 x 1 supercell. The polarization is switched by
the displacements of the oxygen vacancies and the vacan-
cies are switched one-by-one, during which the M| phase
goes through relatively disordered intermediate states and
returns to the ordered state with the opposite polarization
direction. The transition barrier is significantly lowered to
about 25 meV/atom. In addition, charged vacancies have
a lower diffusion barrier than neutral vacancies. The tran-
sition barrier is 15 meV/atom if every supercell has two
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elementary charges. It should be noted that the size of the
simulated system is limited by the computational cost of
first-principles calculations and the real switching process
may involve other mechanisms, such as generation and
recombination of vacancies.

APPENDIX D: WAKEUP, FATIGUE, AND OTHER
EFFECTS IN HfO,-BASED FERROELECTRIC
FILMS

Wakeup, fatigue, and other effects of HfO,-based fer-
roelectric films can be explained within Vo-formation
theory. In pristine films, oxygen vacancies are randomly
distributed (or disordered). During cycling, oxygen vacan-
cies migrate under an applied electric field and become
ordered, which causes an increase in spontaneous polar-
ization. As the number of cycles increases, more vacancies
are generated; this may cause the reappearance of central
symmetry. Fatigue happens when the broken central sym-
metry is resumed, which leads to a decrease in polarization.
The breakdown effect is associated with the formation of
a conduction filament, which causes an increase in con-
ductivity and electric breakdown. This mechanism is sim-
ilar to the resistive switching in resistive random-access
memory [82].

APPENDIX E: EFFECTS OF STRAIN, VACANCY
CONCENTRATION, AND OTHER FACTORS ON
PHASE STRUCTURE

The theoretical calculations in the main text assume a
fixed Vo concentration of 6.25%, fixed Zr doping concen-
tration of 50%, zero strain, and no surface effects. This is
the reason why we focus on the middle part of the selected
grain. The part of the selected grain close to the electrodes
is strongly affected by strain and surface effects and, there-
fore, may have a different phase structure compared with
the middle part. In fact, phase calibration shows that the
phase near the electrodes is not a monoclinic M| phase.
Furthermore, the Vg concentration close to the electrodes
is also different, which can be seen from Fig. 6, in that the
Vo concentration near the electrodes is higher than that
in the middle part. First-principles calculations, includ-
ing nonideal factors, should be performed to obtain phase
structure affected by these factors.
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