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Epitaxy-Driven Ferroelectric/Non-Ferroelectric Polymorph
Selection in an All-Fluorite System
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Angel Larrea, Manuel Varela, César Magén, Pedro A. Algarabel, Miguel Alguerd,
and José A. Pardo*

Films of ferroelectric hafnia have hitherto been deposited on electrodes with a
non-fluorite crystal structure. As a result, they are polycrystalline, contain
fractions of non-ferroelectric polymorphs or have poor crystal quality. Here, a
strategy that circumvents all these limitations is shown. Seven
nanometers-thick epitaxial Hf, sZr, ;O, (HZO) films are deposited directly on
yttria-stabilized zirconia (YSZ) single-crystals. The fluorite structure of the
whole system enables coherent epitaxy, while the substrate orientation
induces polymorph-selective growth, being the HZO films orthorhombic on
YSZ(111) and monoclinic on YSZ(001). Besides, the YSZ substrate can play
the role of a buried floating electrode under the appropriate measuring
conditions (temperature and frequency) thanks to its thermally-activated
oxygen conductivity. Indeed, out-of-plane ferroelectric switching is confirmed
in the orthorhombic HZO samples at 185 °C and 0.01 Hz frequency. This
original approach avoids the need to deposit conducting bottom layers,
allowing high-quality orthorhombic hafnia to be obtained directly on the
substrate and its ferroelectric nature to be studied. Moreover, it constitutes a
case of ion-driven ferroelectric switching, and thus gives support to the
recently proposed relationship between ionic conductivity, and ferroelectricity

in capacitors, sensors, actuators, energy-
efficient devices, and information
storage.'™* Some of the most widely
used ferroelectric materials, such as
BaTiO; and Pb(ZrTi)O,;, have rela-
tively complex compositions and crystal
structures. For this reason, the unex-
pected discovery of ferroelectricity in
thin films of a simple oxide as Si-doped
hafnia (HfO,)P! opened the door to
a frantic research activity since 2011,
with thousands of publications re-
porting on this property in thin films
of different HfO,-based compounds,
being the HfO,-ZrO, solid solution
the most widely studied system.[*#l

Bulk HfO, and ZrO, are isomorphic
and mutually soluble. In equilibrium at
room temperature and pressure, they
show a distorted fluorite crystal struc-
ture with monoclinic symmetry (space
group P2,/c), but tetragonal P4,/nmc

in fluorite systems.

1. Introduction

Ferroelectricity arouses great scientific interest from both the
fundamental and applied point of view owing to its applications

and cubic Fm-3m polymorphs are sta-
ble in different conditions.[*!!l The for-
mation of solid solutions between HfO,
or ZrO, and other oxides allows the
stabilization of selected polymorphs at ambient conditions. For
instance, doping ZrO, with yttria (Y,0,) enables the cubic Fm-
3m structure to be stable up to high temperature for a wide range
of Y, 0, concentration values, and it is known as yttria-stabilized
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zirconia (or YSZ). Regarding ferroelectric hafnia, it is an out-
of-equilibrium phase belonging to the non-centrosymmetric,
orthorhombic Pca2; space group,!'?! although other ferroelec-
tric structures with rhombohedral symmetry (R3 or R3m space
group) have also been observed in Hf, ;Zr,;0,!*3l and ZrO,[1415]
films. The unit cell of any of these HfO, or ZrO, polymorphs
can be visualized as a distorted cube with lattice parameters in
the range of 5.0 to 5.3 A.

The deposition of thin films on single-crystalline substrates
having a crystal structure similar to that of the material being
deposited allows the growth of single-crystal or highly textured
layers to be obtained, which facilitates the study of its intrin-
sic properties minimizing the effects of low-angle grain bound-
aries. Besides, such epitaxial growth is a useful tool to prepare
metastable phases of polymorphic systems as a result of epitaxial
stabilization,!'®! and is thus the ideal playground for the study of
thin films of hafnia and zirconia. Their different polymorphs are
very close in energy, and thus tiny mechanical perturbations can
tip the balance in favor of a particular one.['*117] Furthermore,
in the general case of ferroelectric oxides the strain induced by
the substrate on the epitaxial films is well known to provide an
additional degree of control over their properties.!8]

Two recent reviews of the literature on hafnia-based epitaxial
films,[1%2] reveal that most studies have used substrates with the
cubic perovskite structure and lattice constant between 3.85 and
3.95 A. A bottom electrode, often orthorhombic (La,Sr)MnO,,
was deposited before the hafnia film when electrical measure-
ments in the out-of-plane direction were anticipated to study fer-
roelectricity. Alternatively, some films were grown directly on
Nb-doped SrTiO; conducting substrates, as done for ZrO,.['* In
these fluorite systems, tensile epitaxial strain is believed to in-
duce the stabilization of the orthorhombic polymorph,[222 while
compressive stress favors the rhombohedral one.l31>2%] Just a
few studies have explored substrates with non-perovskite struc-
tures. For instance, Bégon-Lours et al.l?*! reported on the epi-
taxial growth of strained films of thombohedral Hf, ;Zr,.O, on
GaN(0001)-buffered Si(111) substrates.

Of particular interest for the growth of ferroelectric HfO, and
Z10, is the use of cubic-fluorite YSZ substrates. A major ob-
stacle here is finding a material that could act as a conducting
buffer layer between the substrate and the film with a similar
crystal structure. Indeed, the first publication on epitaxial hafnia
in 2015,] used YSZ substrates, but no direct evidence of fer-
roelectric behavior was given, due to the lack of a bottom elec-
trode. In that case, the orthorhombic structure of the as-grown
Y-doped HfO, films was demonstrated from crystallographic ar-
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guments. Li et al.[?®) prepared epitaxial ferroelectric Hf, s Zr, s O,
on YSZ with a TiN bottom electrode, but in this case, inter-
face reactions produced TiO, layers and poor crystal quality of
the hafnia films. Another study reported on the deposition of
epitaxial Hf ;Zr,O, on YSZ(001) using buffer layers of con-
ducting Pb,Ir,0,,”] which has the cubic pyrochlore structure
with 10.17 A bulk lattice constant. The coherent growth of the
films on Pb,Ir,0 was demonstrated by X-ray diffraction from a
synchrotron source and transmission electron microscopy, and
their polar nature was confirmed through piezoelectric measure-
ments.

Nonetheless, the main research activity on the growth of epi-
taxial hafnia on YSZ substrates has been led by Funakubo’s lab-
oratory, which has explored several crystal orientations and film
compositions. These authors reported in 2016 on the ferroelectric
switching of oxygen-deficient Y-doped HfO, films deposited on
(110)-oriented YSZ substrates with indium-tin oxide (ITO) bot-
tom electrodes.[?®] ITO (Sn-doped In,0;) has the bixbyite struc-
ture with a cubic lattice parameter of 10.12 A, close to twice those
of the hafnia polymorphs and YSZ (=5.15 A), and thus it can po-
tentially match their fluorite structure. In the case of YSZ(111),
the films studied were Hf,  Zr, 0,,2¢%1 Y-doped HfO, 30361 Y-
doped Hf,,Zr,0,,38 and Ce-doped HfO,,*! being TiN the
buffer layer in only one case,!?®] and ITO(111) in the rest. These
hafnia films crystallize totally or partially in the orthorhombic
polymorph. The maximum values of remanent polarization are
typically in the range of 5-15 uC cm~2, and slightly higher in Ce-
doped HfO,*! and Y-doped Hf, ,Zr,0,.378]

The literature reviewed in the previous paragraphs shows that
the deposition of an intermediate conducting layer with a non-
fluorite crystal structure, which is needed to configure a plane
capacitor in the out-of-plane direction, has a detrimental effect
on the crystal quality of the growing film. It thus alters the sur-
face energy balance, crystallographic relationships, and epitax-
ial strain, and hinders the study of the intrinsic effect of the
substrate on the stabilization of a particular phase. In an at-
tempt to overcome this limitation, we showed in a previous work
that epitaxial Hf,;Zr,;0, can be deposited directly on (001)-
oriented YSZ substrates.!*"] However, those films had monoclinic
structures and were not ferroelectric. We also proved recently
that 7 nm-thick Hf,;Zr, 0, films grown on Al,0,(0001) with-
out any conducting buffer layer are pyroelectric, that is, non-
centrosymmetric and compatible with ferroelectricity.[*!! Those
samples consisted of few-nanometer-wide grains epitaxially ori-
ented with respect to the substrate’s out-of-plane direction but
with some degree of mosaic spread in their in-plane orientations.
Other authors have also explored the growth of hafnia-based
films on bare substrates. Rhombohedral Hf,;Zr,O, was de-
posited directly on Si(001) by Nukala et al.*?! and on ZnO(0001)
by Zheng et al.*}] Regarding YSZ(111) substrates, epitaxial films
of Hf Y 0, and Hf, Zr,0,/*! deposited directly on them
showed orthorhombic structure in a narrow range of film thick-
ness, composition and growth parameters. In both works, the in-
sertion of an ITO intermediate conducting layer deteriorated the
crystal quality of the hafnia films, which presented a fraction of
non-orthorhombic phases.

Here we demonstrate that high-quality single-phase epitaxial
films of Hf,Zr,;0, (herein denoted HZO) with 7 nm thick-
ness having either monoclinic or orthorhombic structure can be
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Figure 1. Crystal structure of the 7 nm-thick Hfy 5Zrq s O, films deposited simultaneously on YSZ substrates with two different orientations, demonstrat-
ing that epitaxial growth is an effective polymorph-selective method. a) /26 X-ray diffraction scans, confirming that the samples show a monoclinic
structure for YSZ(001) substrate (red line), while a non-monoclinic polymorph emerges on YSZ(111) (blue line). Rocking curves (insets) measured in
the previous films at b) 26 = 30.7° for the YSZ(111) substrate, and c) 20 = 34.1° for YSZ(001). The values of the full width at half-maximum in these
rocking curves indicated in the insets confirm the high crystal quality of these epitaxial films.

grown directly on single-crystal YSZ substrates by selecting their
crystallographic orientation. In the case of YSZ(111), orthorhom-
bic films are obtained, as proved by X-ray diffraction and trans-
mission electron microscopy. Additionally, an original strategy
that takes advantage of the thermally-stimulated ionic conduc-
tion of the HZO/YSZ system and blocking characteristics of the
Au/HZO interface is demonstrated for the electrical characteriza-
tion of the films. In this way, out-of-plane ferroelectric switching
is unambiguously proved.

2. Results and Discussion

Symmetric /26 X-ray diffractograms measured in both 7 nm-
thick films around the 001 and 111 substrate reflections, respec-
tively, are shown in Figure 1a.

The sample grown on YSZ(001) presents only a well-defined
peak at 26 ~ 34.2°, visible as an intense shoulder on the left side
of the narrow peak of the substrate at 20 = 34.8°. It corresponds
to the 002 reflection of the equilibrium, monoclinic P2, /c poly-
morph of HZO, which is not ferroelectric, in agreement with

Adv. Electron. Mater. 2023, 2300522 2300522 (3 of 8)

previous results.[*’l However, it is absent in the film grown on
YSZ(111). Instead, a non-monoclinic phase emerges in this case,
as indicated by the one reflection at 20 ~ 30.5° (shoulder on the
right of the strong 111 peak of YSZ substrate). The crystallite size
estimated from this reflection using Scherrer’s equation in the
film on YSZ(001) was 7.3 + 0.3 nm, which is very close to the
thickness of HZO. A similar calculation could not be done in the
sample on YSZ(111) because the peak is almost superimposed to
the reflection of the substrate. In addition, in each film, the pres-
ence of Von Laue oscillations at both sides of the main reflection
demonstrates the crystal coherence along its whole thickness.
The angular distance (T) between consecutive minima of these
fringes is given by T = A/(t X cosfj), being 4 the wavelength of
the X-ray radiation used, 20, the Bragg angle of the film reflec-
tion, and ¢ the film thickness.[**] Using the ¢ value 6.9 + 0.1 nm
measured by XRR gives T = (1.33 + 0.03)°, in agreement with
Figure 1a. This result confirms that the maxima observed at both
sides of the main peak are indeed finite-size oscillations, and do
not correspond to different phases of HZO. No other peak was
detected in broader scans, proving that no other polymorph or
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Table 1. . Full width at half-maximum (FWHM) of the rocking curves in hafnia-related epitaxial films reported in several publications. This value is a
measure of the film’s crystal quality. STO stands for SrTiO3, and LSMO for (La,Sr)MnO;.

Reference Substrate and orientation Film composition Thickness Bottom electrode Reflection FWHM
Wang et al.[4] STO(007) Hfy5Zrp50, 5nm LSMO m 0.10°
Wang et al.[4] STO(001) Hfy5Zrg50, 9nm LSMO 1 0.14°
Wang et al.[4] STO(001) HfysZro50, 15 nm LSMO 1M 2.01°
Yun et al.[*7] STO(0071) Hfo.05Y0.0502 10 nm LSMO m 0.1°and 1°
(bimodal)
Bégon-Lours et al.[24] Si(111) HfysZro50, 5.8 nm GaN(0001) 1m 0.26°
Shimizu et al.37] YSZ(111) Cubic or tetragonal - No 222 0.058°
Hf0.92Y0.0802.5
Katayama et al.[#8] YSZ(001) Hfy63Y00702.5 9nm No 400 0.12°
Katayama et al.[#8] YSZ(001) Hfy03Y00702.5 9nm ITO 400 0.52°
This work YSZ(001) Hfy 521050, 7 nm No 002 0.036°
This work YSZ(111) Hfy.5Zr050, 7 nm No m 0.034°

orientation is present. The reflection of the film grown on
YSZ(111) at 20 = 30.5° can be indexed as 111 of cubic Fn-3m,
rhombohedral R3 or R3m, or orthorhombic Pca2, phase, and also
as 101 of the P4, /nmctetragonal space group. Given that the films
were deposited simultaneously, this figure shows the important
role played by the substrate orientation to stabilize a particular
phase of epitaxial hafnia. This result conﬁrms recent density-
functional theory (DFT) calculations,!*! predicting the selection
of a specific polymorph in HfO, epitaxial films through the con-
straints (symmetry and strain) imposed by the substrate. Specif-
ically, the study by Zhu et al. proves that the monoclinic phase
has the lowest energy on YSZ(001), while orthorhombic Pca2, is
the most stable polymorph on YSZ(111).

The lateral coherence of these samples was assessed by mea-
suring their rocking curves, that is, fixing the detector in the
maximum of the film (20;), and then scanning the tilt an-
gle (w) around 0. The results are shown in Figures 1b,c. The
full width at half-maximum (FWHM) of both rocking curves is
0.035 + 0.001°. These very low values, slightly larger than that
of the substrate (0.015°), are an indication of low mosaic spread
and high crystal quality of the films. To our knowledge, all the
values of the width of the rocking curves measured in hafnia-
based epitaxial films reported previously,?*314-8] are larger, as
summarized in Table 1.

Further structural characterization was carried out using
HAADEF-STEM in cross-sectional specimens of the 7 nm-thick
HZO films grown on both YSZ(001) and YSZ(111), illustrated in
Figure 2. In all cases, the films present coherent epitaxial growth,
atomic sharp interfaces with the substrate, and no misfit disloca-
tions or interfacial defects. Figure 2a,c depicts an atomic resolu-
tion STEM image and its corresponding fast Fourier transform
(FFT) of an HZO grain on YSZ(001). Image analysis and sim-
ulations confirm that it belongs to the monoclinic polymorph,
oriented along the [010],, zone axis (the subscript m stands for
monoclinic). Confirming the XRD observations, it grows epitaxi-
ally with the (001),, planes parallel to the (001) cubic planes of the
YSZ substrate. Therefore, the a and b axes of the monoclinic cell
are parallel to the in-plane [100] and [010] cubic directions of the
YSZ(001) substrate, in agreement with previous results.[*”) On
the other hand, YSZ(111)-grown HZO films evidence the pres-
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ence of the non-equilibrium orthorhombic polymorph. For in-
stance, Figure 2b,d displays the image and FFT of an orthorhom-
bic HZO grain that grows epitaxially with the (111), planes par-
allel to the (111) planes of YSZ (the subscript o stands for or-
thorhombic). This particular grain is oriented along the [11-2],
zone axis, with the [-110], axis parallel to the [-110] of the YSZ
substrate.

The polar axis of the orthorhombic Pca2,; phase is believed to
lie along the [001] direction,[*”] and thus 111-oriented films are
expected to show both in-plane and out-of-plane components of
the spontaneous polarization. Although the Au interdigital elec-
trodes (IDEs) configuration allows in principle in-plane ferroelec-
tric switching to be characterized, the 20 um finger separation,
along with coercive fields of the order of 1 MV cm™ made mea-
surements not feasible. Indeed, experiments under the required
high voltages > 2 kV resulted in the evaporation of the electrodes.

Therefore, an alternative procedure to obtain out-of-plane fer-
roelectric characteristics was investigated here. The rationale is
to use the thermally-activated ionic conductivity of the HZO/YSZ
system to turn the substrate into a buried floating electrode, so
that two ultrathin film capacitors in series are defined, on which
the occurrence of out-of-plane ferroelectric switching in the HZO
film can be studied. This only occurs below a threshold frequency
that increases as ionic conductivity does, defined by the time nec-
essary to move the required electric charge to the film/electrode
interface, where it is blocked due to the absence of an effec-
tive ionic-electronic transference mechanism. Note that Au elec-
trodes are classically considered as blocking ones for the oxy-
gen evolution reaction, and working temperatures ~800 °C and
maximized triple-phase-boundary contacts are required to main-
tain significant faradaic currents.>®! The conditions to reach the
blockage for the specific HZO/YSZ epitaxial system with Au IDEs
were determined by impedance spectroscopy. Figure 3 shows
the frequency dependence of the impedance modulus for both
films, orthorhombic and monoclinic, along with that of a bare
substrate with analogous electrodes, at 185 °C. In the case of the
film on YSZ(111), that is the orthorhombic one, the curve shows
a distinctive impedance plateau related to the HZO layer ionic
conductivity (calculated resistivity ~ 5 X 10° Q-cm) at interme-
diate frequencies (~10-100 Hz). Below this range, impedance

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. Atomic-resolution cross-sectional HAADF-STEM imaging of the local microstructure of the 7 nm-thick Hfy sZry 5O, epitaxial films deposited
on a) YSZ(001), and b) YSZ(111) substrates, confirming that the sample on YSZ(111) has an orthorhombic crystal structure. Structural models and
the crystallographic directions and angles are superimposed on the STEM images. The m and o subscripts stand for monoclinic and orthorhombic,
respectively. ZA indicates the zone axis. (c) and (d) show the FFT of (a) and (b), indexed according to the monoclinic and orthorhombic phases,

respectively.
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Figure 3. Impedance versus frequency spectra for the HZO/YSZ films with
Au IDEs and for a bare YSZ substrate with analogous electrodes. Blockage
at the Au/HZO interface in the case of the orthorhombic film, and the
associated step-like increase in resistance are highlighted.
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increases toward the value of the YSZ substrate in series with
the HZO film (calculated resistivity ~ 10 Q cm) signaling the
blockage at the Au/HZO interfaces. This is complete for 0.01 Hz,
at which ionic charge also accumulates at the HZO/YSZ inter-
face creating the required through-thickness electric field for
uncovering ferroelectricity. Remarkably, the orthorhombic film
presents an ionic conductivity significantly larger than YSZ, con-
trary to the monoclinic material with a resistivity very close or
even higher than that of the substrate. Oxygen vacancies and their
electromigration have been reported to play a role in the ferroelec-
tric switching of fluorite-based systems.[552]

Ferroelectric characterization was thus accomplished at 185 °C
and variable frequency between 1 and 0.01 Hz. Current loops
at 0.01 Hz for the monoclinic and orthorhombic films are pro-
vided in Figure 4a,b, respectively. Note the large difference in
current between the two materials, which further indicates the
much higher ionic conductivity of the ferroelectric phase. Linear
behavior with little hysteresis was found until 2.5 V for both mate-
rials, indicating that material systems behave as high-resistance

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Current—voltage characteristics at 185 °C for a) the monoclinic HZO film on YSZ (001), and b) the orthorhombic HZO film on YSZ (111),
measured at 0.01 Hz. c) Current-voltage for the orthorhombic material at decreasing frequencies (1,0.1,and 0.01 Hz), and d) polarization versus electric
field loop extracted from the 0.01 Hz current—voltage curve shown in (c), which confirms the ferroelectric behavior of this film.

elements at low voltages before the ionic charge is blocked at
interfaces. In-plane ionic movements dominate the response in
this range. Hysteresis appears when voltage is increased for the
orthorhombic film, reflecting a capacitive component that signals
the charge accumulation at interfaces, followed by the appear-
ance of well-defined switching maxima. Loops at 5 V and decreas-
ing frequency are shown in Figure 4c. An analogous evolution
that supports the proposed scenario is found, so thatlinear behav-
ior with little hysteresis is found at 1 Hz, while hysteresis appears
at 0.1 Hz and distinctive ferroelectric switching maxima clearly
develop at 0.01 Hz, once charge has time to reach the interfaces.
Significant current leakages also appear at high voltages. This re-
quires triggering an unknown redox process, efficient enough
to transfer the avalanche-like injected electrons to ions. At this
point, the origin of the redox process remains unknown, and its
nature and identification will be the subject of subsequent work.

Leakage currents and the capacitive component were evalu-
ated and subtracted from the total response to isolate the fer-
roelectric contribution, as explained elsewhere.’3! The differ-
ent components are given in Figure S1 (Supporting Informa-
tion). Ferroelectric polarization as a function of the electric field
is shown in Figure 4d, where the charge was normalized with
the area of the fingers of one comb without considering pads
(1.5208 x 1072 cm?), while the electric field was calculated con-
sidering two times the thickness (14 nm). Note that the loop is
open at negative polarization because symmetrical current leak-
ages were assumed for the corrections. A remnant polarization
P, =35 uC cm™? and coercive field E, = 0.85 MV cm™! were ob-
tained.

The angle between the [001] polar axis and the out-of-
plane [111] direction is ¢ ~ cos™![(1/3)}/2]. Thus, the measured
P_= 35 uC cm™ is a projection of the intrinsic remnant polar-
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ization, which can be thus estimated as P,/cos(¢) ~ 61 uC cm™2.
This value would be an overestimation if the relevant electrode
area were larger than assumed, that is, if contributions from the
pads existed. However, their separation is larger than that of fin-
gers, so these contributions should appear at lower frequencies
(they require ionic conduction across the HZO/YSZ system over
longer distances). Note that this is the same reason why ferroelec-
tric switching cannot be uncovered using a conventional sand-
wich structure with electrodes on the HZO film and the oppo-
site surface of the YSZ substrate. The relevant length is the sub-
strate thickness in this case, and even lower frequencies would
be necessary. Back to the large remnant polarization, it is worth
mentioning that such intrinsic polarization is similar to the value
64 uC cm™ estimated in epitaxial Y-doped HfO, films,!*’! and
higher than the theoretical 51-53 uC cm™2 of Hf,(Zr,;0,.54
These polarization values are also quite higher than those re-
ported for polycrystalline hafnia-based films (composed of ran-
domly oriented grains or containing mixtures of polymorphs),
which range typically from 10 to 20 uC cm=2.[55¢] Remark-
ably, they are even higher than most values reported for epitaxial
Hf, Zr, 5O, films, ranging between 16 and 34 yC cm=2.11%20] Re-
garding the coercive field, E, ~ 0.85 MV cm™, it is within the
limits reported in the literature for polycrystalline films (0.75 to
4 MV cm™),73556] although slightly smaller than common val-
ues for epitaxial films (1.1 to 5 MV cm™1).[1%)

Regarding the monoclinic film, no clear ferroelectric switch-
ing current maxima comparable to the ones described for the or-
thorhombic films are observed. When the two orders of magni-
tude smaller current is amplified (see inset in Figure 4a), broad
faint maxima can be observed. They seem to shift toward higher
voltages as maximum voltage increases until merging with incip-
ient leakages, which seem to rule out a ferroelectric origin, whose

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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hypothetical switched polarization otherwise would be extremely
low. Maxima might have several origins, even a very limited mon-
oclinic to orthorhombic transition driven by the injection of oxy-
gen vacancies from the YSZ. However, even if appealing and al-
ready proposed in the literature, ! this will be also the subject of
future work.

The original approach here demonstrated to study the ferro-
electric nature of an all-fluorite epitaxial system makes use of
the thermally activated ionic conductivity of the HZO/YSZ sys-
tem to enable the measurements, and it can be reckoned as
an ion-driven electronic effect, namely ferroelectric switching.
Several ion-controlled electronic devices, such as memristors or
neuromorphic devices have already been proposed and are re-
ferred to as iontronics.’’] Although the intrinsically slow re-
sponse associated with the ion driving precludes memory ap-
plications, the ferroelectric all-fluorite system here reported al-
lows poling and thus, might facilitate a range of novel non-
switching devices like ion-enabled piezoelectric sensors and
actuators.

3. Conclusion

Epitaxial Hf s Zr, ;O, (HZO) films have been grown on electrode-
free YSZ by pulsed laser deposition. The films are single-phase
and fully-coherent owing to the fluorite-related structure and
similar lattice parameters of both the film and the substrate.
We have shown that a specific film polymorph can be selected
through the choice of the crystallographic orientation of the YSZ
substrate. Specifically, the films have the stable, monoclinic crys-
tal structure on YSZ(001) and the metastable orthorhombic on
YSZ(111), demonstrating the crucial role of epitaxial stabiliza-
tion in fluorite-based systems. These experimental results con-
firm recent density-functional theory calculations by Zhu et al.l*’]
and pave the way to engineering polymorph selection in hafnia
films through the epitaxial growth. Once the HZO films of the
orthorhombic phase were deposited directly on YSZ, the ionic
conduction of the HZO/YSZ system in the appropriate ranges
of temperature and frequency, along with the blocking character-
istics of the Au/HZO interface were used for uncovering ferro-
electricity. Thanks to this original strategy, we proved the unam-
biguous out-of-plane ferroelectric switching in the HZO films on
YSZ(111). Indeed. This is a new ion-driven electronic effect with
the potential to facilitate a range of novel non-switching ferroelec-
tric iontronic devices.

4. Experimental Section

Two films of Hfy sZry 5O, (HZO) ~ 7 nm-thick were deposited simulta-
neously on (001)- and (111)-oriented YSZ single-crystal substrates (Crystal
GmbH, with nominally 9.5 mol% Y,05 and lattice parameter a = 5.15 A)
by pulsed laser deposition. Figure S2 (Supporting Information) shows the
XRR measurements of the two samples and the corresponding fits con-
firming their thickness value of 6.9 + 0.1 nm. The growth was carried
out at a substrate temperature of 850 °C, a dynamical O, pressure of
100 mTorr, and a fluence of 1) cm=2 using a KrF laser operated at a rep-
etition rate of 10 Hz. The films were then cooled down to 20 °C at a rate
of 10 °C min~" in the same atmosphere. Other details of the experimental
setup were described elsewhere.l*041] The crystal structure and thickness
of the films were studied by high-resolution X-ray diffraction (XRD) and X-
ray reflectivity (XRR) using a Bruker D8 Advance diffractometer equipped
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with parallel-beam optics and monochromated Cu-Ka, radiation (wave-
length 4 = 1.5406 A).

The local microstructure of cross-sectional YSZ/HZO specimens was
analyzed by high-angle annular dark field (HAADF) imaging in scanning
transmission electron microscopy (STEM). Cross-sectional lamellas were
fabricated by Ga™ ion beam milling in a Helios 600 Nanolab. These exper-
iments were carried out in a probe-corrected Thermo Fisher Titan 60-300
microscope equipped with a high-brightness field emission gun (X-FEG)
and a CEOS aberration corrector for the condenser system. This micro-
scope was operated at 300 kV to produce a probe size <1 A. STEM image
simulations were carried out with the Dr. Probe software package.[*®!

Electrical characterization was performed to study the polar na-
ture of selected films, for that top Au interdigital electrodes (IDEs)
with 20 pm separation between the fingers were patterned by opti-
cal lithography. First, the complex electrical impedance of the system
was studied as a function of temperature and frequency with a Zah-
ner IM6ex Electrochemical Workstation. This aimed at defining the tem-
perature and frequency ranges at which the ionic conductivity of the
HZO/YSZ system and its blockage at the Au/HZO interfaces turned
the substrate into an effective buried floating electrode. Indeed, above
a given temperature and below a certain frequency that depends on
the IDEs separation, the system behaves as two capacitors in series
and the presence of out-of-plane ferroelectric switching can be stud-
ied. A home-built charge-to-voltage converter was used to measure po-
larization changes at these conditions, while voltage sine waves of in-
creasing amplitude were applied with an HP3325B synthesizer/function
generator.

Supporting Information

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