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Phase Transformation Driven by Oxygen Vacancy
Redistribution as the Mechanism of Ferroelectric
Hf, . Zr, ;O, Fatigue

Zimeng Zhang, Isaac Craig, Tao Zhou, Martin Holt, Raul Flores, Evan Sheridan,
Katherine Inzani, Xiaoxi Huang, Joyeeta Nag, Bhagwati Prasad, Sinéad M. Griffin,
and Ramamoorthy Ramesh*

As a promising candidate for nonvolatile memory devices, the hafnia-based
ferroelectric system has recently been a hot research topic. Although
significant progress has been made over the past decade, the endurance
problem is still an obstacle to its final application. In perovskite-based
ferroelectrics, such as the well-studied Pb[Zr,Ti,_,]O; (PZT) family,
polarization fatigue has been discussed within the framework of the
interaction of charged defects (such as oxygen vacancies) with the moving
domains during the switching process, particularly at the
electrode-ferroelectric interface. Armed with this background, a hypothesis is
set out to test that a similar mechanism can be in play with the hafnia-based
ferroelectrics. The conducting perovskite La-Sr-Mn-O is used as the contact
electrode to create La, ¢;Sr, 33MnO; [ Hfy sZr, sO, (HZO)/ Lag¢;Sr;33MnO;
capacitor structures deposited on SrTiO;-Si substrates. Nanoscale X-ray
diffraction is performed on single capacitors, and a structural phase transition

1. Introduction

Hafnia-Zirconia ferroelectrics have at-
tracted attention as promising candidates
for nonvolatile memory and logic due
to their robust ferroelectricity at the
nanoscale thickness and compatibility
with the Complementary Metal-Oxide-
Semiconductor (CMOS)electronics.'=!
However, despite their potential, lim-
ited endurance and a high coercive
field (and a consequent high switch-
ing voltage) are potential limitations
to  widespread adoption.®! Previous
studies have demonstrated a “wake-up
effect” and fatigue behavior in Hafnia-
Zirconia during field cycling, with an

from polar o-phase toward non-polar m-phase is demonstrated during the
bipolar switching process. The energy landscape of multiphase HZO has been
calculated at varying oxygen vacancy concentrations. Based on both
theoretical and experimental results, it is found that a polar to non-polar
phase transformation caused by oxygen vacancy redistribution during electric

cycling is a likely explanation for fatigue in HZO.

emerging consensus built around the
crucial role of oxygen vacancies.”"!! A
complete understanding of endurance
behavior in Hafnia-Zirconia and its
microscopic origin is therefore vital to
understand how they can be improved.

Hafnia/Zirconia exist in various
phases under different conditions,
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which have been previously reported extensively.'>1*l Unlike
many other promising ferroelectric materials, their polar phases
are in fact metastable — the ferroelectric orthorhombic phase
(Pca2,), and the antiferroelectric orthorhombic phase (Pbca),
have only been found in thin films under certain strain/doping
conditions.['*] The ground state of bulk Hafnia-Zirconia at room
temperature is the non-ferroelectric monoclinic phase (P2, /c).
The most popular composition that can robustly achieve a po-
lar phase is Hf,;Zr,;0, (HZO), with TiN as the top and bot-
tom electrodes.['215717] Typically, these stacks are deposited via
Atomic Layer Deposition (ALD) with post-annealing used to ap-
ply the necessary mechanical stress to form the polar crystalline
structure.l”® However, these ferroelectric HZO films are often
polycrystalline, leading to issues with switching and endurance.
In particular, endurance tests on HZO devices deposited on TiN
have shown a significant wake-up effect (increasing switched po-
larization with cycling) at the initial 10° cycles and noticeable fa-
tigue (decreasing switched polarization) at ~107 cycles, present-
ing a significant barrier for practical applications.[®1]

We set out to probe the role of oxygen-related defects in influ-
encing polarization fatigue by going back to the well-established
literature in perovskite ferroelectrics such as Pb[Zr,Ti, ,]O,
(PZT), wherein conducting oxide electrodes have been shown to
significantly ameliorate the loss of switchable polarization dur-
ing bipolar cycling."®2!1 With this as the background and with
the hypothesis that conducting oxides may also provide a simi-
lar benefit in the case of HZO, we initiated a study of the role
of conducting perovskite electrodes. We deposited highly tex-
tured HZO films on a La,,Sr,;;MnO; (LMSO) electrode us-
ing pulsed laser deposition (PLD). The oxide LSMO/HZO/LSMO
stack, Figure 1a, exhibits a large polarization and has been previ-
ously studied.l??»] We deposited the stack on STO-Si substrates,
in order to both obtain highly [001] textured LSMO as well as to be
consistent with Si integration. Our endurance tests on capacitor
structures show an endurance up to 10" cycles, which, although
still short of commercial requirements, is a marked improve-
ment compared to films on TiN.[%!% To gain more insight into
the fundamental origins of bipolar fatigue, we conducted struc-
tural measurements on fatigued devices, illustrating the intrica-
cies of polarization switching and fatigue mechanisms in HZO.
Our findings, corroborated by first-principles calculations, indi-
cate two key mechanisms for fatigue: a reversible component due
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to oxygen vacancy redistribution during electronic field cycling,
and an irreversible component arising from the competing phase
stability of the monoclinic nonpolar phase.

The field cycling behavior of HZO (Figure 1b) shares similar-
ities with that of lead zirconate titanate (PZT).[2°2%] In particu-
lar, both exhibit a wake-up effect at the beginning of cycling, and
their fatigued polarization can be recovered by the application of
higher voltage pulses, Figure 1c. Such a voltage-induced recov-
ery of switched polarization is also implicit in Figure 1b where
larger voltage pulse amplitudes correlate to a longer endurance,
indicating the recovery of polarization due to the higher voltage
cycling pulses. On the surface, these similar behaviors of HZO
and PZT suggest a possible common cause: such as domain pin-
ning/depinning caused by defects such as oxygen vacancies. The
role of domain pinning in ferroelectric wake-up and fatigue has
been explored in prior studies on PZT.2*28] Given HZO’s high
oxygen conductivity,*3 charged oxygen vacancies can migrate
through the stack during electrical cycling!?* and segregate at
grain boundaries and interfaces,'!! resulting in the pinning of
the adjacent ferroelectric domains. Higher voltage pulses aid in
the redistribution of oxygen vacancies and domain depinning,
thus restoring polarization values. An alternative pathway could
be one in which the insertion/removal of oxygen vacancies into
the HZO lattice leads to changes in the thermodynamic stability
of the polar phase. In order to study this further, we carried out
a combination of ab initio theoretical calculations of the stability
if the polar orthorhombic phase in conjunction with structural
studies.

It is noteworthy, however, that the HZO fatigue cannot be en-
tirely attributed to domain pinning. We find that part of the polar-
ization cannot be recovered either by electric pulses or annealing
(Figure 1c,d). Further evidence of this is shown with the perma-
nent change of the HZO layer during fatigue in Figure 2. We
subjected the system to repeated bi-polar electric field cycling,
progressively increasing the frequency from 1 Hz to 1 MHz. We
recorded the remnant polarization values as a function of the ac-
cumulated cycles. To investigate the fatigue recovery behavior,
we initiated multiple cycles starting from the lowest frequency
once the capacitor exhibited degradation of remnant polarization.
Figure 2 illustrates the capacitor under study, which underwent
seven cycles of this process, effectively demonstrating a cyclic pat-
tern of fatigue, recovery, and subsequent fatigue. While oxygen
vacancies are more responsive to low-frequency electric pulses,
(allowing for polarization recovery when cycled under low fre-
quency), the polarization eventually attains a stable value that is
much lower than the initial polarization after several wake-up-
fatigue cycles. This indicates a mechanism beyond domain pin-
ning contributing to fatigue, namely an irreversible effect occur-
ring within the HZO layer that degrades its intrinsic ferroelectric-
ity. We therefore proceeded to carry out theoretical calculations
and structural measurements to probe the origins of this behav-
ior.

First, we performed Density Functional Theory (DFT) calcula-
tions to explore the role of oxygen vacancies on the phase stability
of the polar and nonpolar phases of HZO. We considered the an-
tiferroelectric (0-AFE) and ferroelectric (o-FE) polymorphs with
space groups Pbca and Pca2, respectively, the nonpolar mono-
clinic phase (m) with space group P2, /c, and the presumed non-
polar parent/intermediate tetragonal (t) phase with space group
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Figure 2. The fatigued HZO capacitor can “wake up” again when cycling at low frequency, indicating there is domain depinning due to oxygen vacancy
motion. After a few wakeups and fatigues, the polarization maintains a stable value lower than the initial polarization, suggesting a fatigue mechanism

beyond domain pinning.
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with oxygen vacancy concentration relative to that of the m phase.

P4/nmm. For this, HZO had a 50:50 Hf:Zr stoichiometry adopt-
ing a checkerboard alloy composition of the cation sublattice (that
is, Hf and Zr alternating in all directions) and a unit cell com-
prised of 32 formula units (98 atoms) to allow for a range of low-
concentration oxygen vacancies to be explored. We found that dif-
ferent alloy orderings have energy differences (rmeV/f.u.) less
than those between the different polymorphs (%10 meV per f.u.),
so consider only this checkerboard ordering for this work. Con-
sistent with prior work we find that the m-phase is the ground
state structure, while other polymorphs are accessible with strain
(Figure 3a). A small compressive strain favors the o-AFE phase,
and the t-phase is favored at higher strain values. Interestingly,
and as has been previously noted, the o-FE is never the global
ground state even with applied strain.

We argue that this irreversible effect leading to the fatigue be-
havior of HZO arises from the phase transformation from the
polar o-phase to the nonpolar m-phase. According to the density
functional theory (DFT) calculations described later, while the o-
to t- and o- to m-phase pathways are initially energetically com-
petitive, the m-phase is globally far more stable and cannot be
recovered once adopted. We now present experimental evidence
for the increased presence of the m-phase during switching cy-
cles, and following that, connect it to our theoretical analysis.

The structural phase transition during the fatigue process was
investigated by scanning X-ray nano-diffraction. Unlike other lo-
cal or bulk characterization methods, the nanoscale X-ray beam,
with a resolution down to ~30 nm, can easily locate and map
out the reciprocal space information of each device. Three states
of the capacitor are scanned for structural information: pristine,
after wake-up, and after a fully fatigued state. The diffraction
peak intensity of the nonpolar monoclinic phase and the po-
lar orthorhombic phase are integrated to estimate the phase ra-
tio on the capacitors. This semi-quantitative result is shown in
Figure 4b: As more electric cycles are applied, from the pristine
to the wake-up state, until the fatigue state, the m-/o-phase ratio
keeps increasing, demonstrating the phase transition from o- to
m-phase is a fundamental cause of the degradation of HZO fer-
roelectricity. Semi-quantitative analysis of m-/o- phase ratio and
higher resolution nanodiffraction images are listed in the supple-
mentary Figure S2 (Supporting Information). This result is con-

Adv. Electron. Mater. 2024, 10, 2300877 2300877 (4 of 7)

sistent with past experimental findings and assumptions about
HZO fatigue.®!] We also find that the o-phase fraction is reduced
in the wake-up state compared to the pristine state, which indi-
cates the polarization increase is not primarily caused by increas-
ing polar phase, providing evidence that domain depinning is the
leading cause of the wake-up effect instead of phase transition.
Such contributions of domain depinning in the wake-up process
have been previously reported in HZO systems.31-33]

To investigate another possible phase switching of t- to m-
phase, we consider the kinetic energy barriers for the phase tran-
sition in going from t- to m- and t- to o-phase. Prior reports of
these barriers range from 208 to 315 meV per formula unit (f.u.)
for the t- to m-phase transition, and 22 to 31 meV per f.u. for the t-
to o-phase transition. From these observations, we can infer that
the phase transition from t- to m-phase is kinetically suppressed,
despite the m-phase being the global ground-state polymorph.
However, while the t-phase to o-phase transition is more favor-
able than the t-phase to m-phase from these kinematic consider-
ations, an interesting result emerges when we consider repeated
switching cycles. Instead, for the reverse transition, the large bar-
rier that disfavors the t- to m-phase transition, now acts as a stabi-
lizing force for the m-phase. The result of this is that repeated cy-
cling will gradually increase the volume fraction of the m-phase,
consistent with our experimental results. Finally, we explore the
role of strain on the t- to o-phase barrier by performing nudged
elastic band calculations for several values of compressive and
tensile strain (Figure 3b). Consistent with prior reports,[1*3 we
find that strain can indeed modify the barrier heights for this
phase transition. However, it does not increase it to a level such
that it would be competitive with the t-phase to m-phase transi-
tion. In fact, we find that for small amounts of tensile strain, the
t- to o-phase barrier is reduced, favoring a greater volume fraction
of the polar phase, as has been observed in the literature.

The oxygen vacancy plays an essential role in the HZO phase
transition, and as we hypothesize, in its fatigue behavior. Prior
work!?* observed the structural change of the LSMO electrode be-
tween perovskite and brownmillerite with an applied electric bias
to the LSMO/HZO/LSMO stack. Their findings demonstrated
that a significant volume of oxygen vacancies migrate through
the interface under an electric field, with the LSMO electrode

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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ferroelectric, orthorhombic phase. The ratio keeps increasing from the pristine to the fatigued state, indicating a phase transition from the o- to the

m-phase during cycling.

concurrently functioning as both a source and sink for oxygen
vacancies. Thus, there is a constant process of oxygen vacancy re-
distribution during field cycling. Another research involving an
IrO, electrode suggests that an increase in oxygen content within
HZO correlates with a higher proportion of the m-phase.33] It
is hypothesized that oxygen vacancy redistribution within the
HZO/LSMO system could result in an increase in oxygen within
the HZO film, thereby promoting the m-phase within HZO. Sup-
porting this, as demonstrated in prior work,[12323336-38] and cor-
roborated by our own DFT calculations, oxygen vacancies do re-
duce the barrier to obtaining the polar o-AFE and o-FE phases rel-
ative to the m-phase (Figure 3c). Therefore, one key conclusion is
that having a readily available source/sink of oxygen vacancies is
crucial for obtaining and maintaining the o-phase regions. Thus,
during cycling, if the HZO becomes further oxygenated (i.e., de-
pleted of oxygen vacancies) as they migrate and are pinned at do-
main walls, it will result in a reduction in the volume fraction of
the o-phase and consequently a reduction in the polarization.

To further explore the influence of oxygen vacancy concentra-
tion on fatigue behavior, we reduced the concentration of mobile
oxygen vacancies by doping HZO with 0.7% La (corresponding
to #102° cm~3 concentration). Our hypothesis of doping with La
is that since the oxygen vacancies tend to bind to the La** there
will be less migration/redistribution of the oxygen vacancies in
La:HZO than in pure HZO. Because of this, domain wall pin-
ning by oxygen vacancies will be suppressed in La:HZO. After
the same etching and testing process, we compare the fatigue rate
of pure HZO and La:HZO in Figure 2. The endurance lifetime

Adv. Electron. Mater. 2024, 10, 2300877 2300877 (5 of 7)

of these La:HZO capacitors (Figure S1, Supporting Information)
is measurably higher compared to HZO devices (Figure 2), con-
sistent with our expectations as well as the past report.**! This
result supports the notion that maintaining a stable oxygen va-
cancy concentration level is crucial in preserving ferroelectricity
in HZO.

In summary, we present direct structural evidence, supported
by ab initio calculations that point to the role of oxygen interca-
lation into the o-phase of HZO to destabilize it into the nonpolar
m-phase. This mechanism is pointedly different from that in the
perovskite ferroelectrics such as PZT. Thus, we surmise that a
precise defect in chemistry engineering leads to the trapping of
the oxygen vacancies (and thus the stability of the o-phase) in the
HZO structure sandwiched by oxide electrodes.

2. Material System and Characterization Methods

2.1. Deposition and Fabrication of HZO Capacitor Stacks

The 30 nm Layg,Sry;;Mn0O;/10 nm Hfj;Zr,;0,/45 nm
La, ¢, Sry33MnO; thin film stacks were deposited on 001-
oriented SrTiO; coated Si substrates by pulsed laser deposition
using a KrF excimer laser (248 nm, LPX 300, Coherent). The
growth of all layers was carried out in a dynamic oxygen pressure
of 100mTorr, at a growth temperature of 600 °C, and laser
fluence of 1.0 ] cm™2. The laser repetition rate for LSMO and
HZO growth are 4 and 2 Hz respectively. Following growth, the
samples were cooled to room temperature at a cooling rate of
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10 °C min~! under a static oxygen pressure of 1 atm. The circular
capacitors (12.5 um in diameter) were then fabricated using the
photolithography and Ar ion milling method.

2.2. X-Ray Nano Diffraction

The X-ray nano diffraction was performed in section 26-ID-C of
Advanced Photon Source, Argonne National Laboratory. The X-
ray beam was 10 keV with a beam size of 30 nm. The motors of
the sample stage and the detector provide 4D maps (2D in real
space and 2D in reciprocal space) with high accuracy.

2.3. Electrical Characterization

Ferroelectric polarization hysteresis loops and PUND measure-
ments were measured at room temperature using a Precision
Multiferroic Tester (Radiant Technologies). The hysteresis mea-
surements were completed at a frequency of 10 kHz. The pulse
width and delay of PUND measurements are 10 us and 0.1 s.

2.4. DFT Calculations

Density functional theory (DFT) calculations were performed at
the Generalized-Gradient Approximation (GGA) level using the
Vienna ab initio simulation package.l***!l The PBE exchange-
correlation function*>*) was used along with a 6 X 6 X 6
Monkhorst packing k-point grid, 500 eV plane-wave cutoff,
and projector-augmented wave (PAW) pseudopotentials.[*~#6] Va.
lence sets of 6s5d, 4s4pS5s4d, and 2s(2)2p(4) were used for
hafnium, zirconium and oxygen respectively.

Energy landscapes for the displacive phase transitions between
orthorhombic and tetragonal Hf;Zr,;O0, (HZO) were con-
ducted using the nudged elastic band (NEB) method, as imple-
mented in the VASP Transition State Tools (TST) software.[+748]
All NEB calculations were optimized starting from a linear in-
terpolation, and intermediate images were optimized to a force
tolerance of (0.005 eV A~!) using the quick-min algorithm.[*] For
the epitaxial strained structures, only the cell positions were op-
timized, while otherwise the ssNEB algorithm!**! was used to op-
timize cell volume and shape as well.

Epitaxial strain calculations were performed by fixing the in-
plane lattice parameters and allowing the out-of-plane lattice pa-
rameter and internal coordinates to optimize.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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