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Ferroelectric HfO, epitaxial films are of interest for determining intrinsic properties and for prototyping
devices. Epitaxial (111)-oriented orthorhombic HfgsZrg 50, films grown on Lag e7Srg.33MNnO=/SrTiO+(001)
are already being actively investigated. Presently, we have explored the use of SrTiOs(111) substrates. We

Received 11th March 2022, show that the orthorhombic phase is stabilized by tilted epitaxy, and the orientation of orthorhombic

Accepted 1st May 2022 crystallites is different from that of equivalent films on SrTiOs(001). The measured remanent polarization

of above 14 pC cm™ agrees well with the expected value considering the crystal orientation, the

fraction of the ferroelectric phase in the film, and the predicted polarization for ferroelectric HfO,. High
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1. Introduction

The discovery' of ferroelectricity in a metastable orthorhombic
phase (Pca2, space group) of Si-doped HfO, has generated huge
interest.””” The ferroelectric phase has also been stabilized in
HfO, doped with other atoms.”® The ferroelectric properties of
HfO, have been investigated mainly in polycrystalline films,
although there is increasing interest in epitaxial films after the
demonstration of epitaxial stabilization on yttria-stabilized
zirconia® and perovskite'®™* single crystalline substrates. Epi-
taxial orthorhombic films present excellent ferroelectric
properties'® and they are more robust against polarization -
endurance and endurance - retention dilemmas than polycrys-
talline films."*'> Moreover, the ferroelectricity of ultrathin
films, 2-4 nm thick, has been confirmed by direct electrical
measurements of epitaxial samples.'>'® These results have
been achieved mostly in epitaxial films deposited on (001)-
oriented Lag ¢,Sr0.33Mn0O; (LSMO) electrodes. The polarization
is null or very low when other conducting perovskite oxides
such as SrRuO; and LaNiO; are used as bottom electrodes.'”
Very recently, the epitaxial growth of orthorhombic Hf, 5Zr, 50,
(HZO) on (110)-oriented LSMO electrodes has also been
reported.'®'® Hf, ;Zr, 50, (HZO) films or other HfO, doped
compounds grown on LSMO(001) or LSMO(110) are (111)
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endurance and retention are also measured.

oriented, while the ferroelectric dipoles are oriented along the
[001] direction.

The epitaxial stabilization of the ferroelectric phase on
LSMO(111) electrodes would be of high interest as it can lead
to a different orientation of the ferroelectric dipoles in the film.
Moreover, it could pave the way towards the epitaxial integra-
tion of ferroelectric HfO, on other substrates with a 3-fold
symmetry surface. Aiming to determine if the ferroelectric
phase of HfO, can be stabilized on LSMO(111), we have
deposited HZO films on LSMO(111)/SrTiO3(111). We show that
the orthorhombic phase is epitaxially stabilized, but it is not
(111) oriented. Detailed X-ray diffraction (XRD) and scanning
transmission electron microscopy (STEM) characterization stu-
dies reveal the existence of three families of orthorhombic
crystal variants with an orthorhombic HZO[001] axis tilted by
about 24°, 66° and 90° with respect to the plane-normal direc-
tion of the film. Electrical measurements confirm ferroelectri-
city, with a remanent polarization (P,) of about 14 pC cm ™2, an
endurance of up to 10% cycles and a retention of more than
10 years.

2. Experimental

HZO and LSMO films were grown in a single process on (111)-
oriented SrTiO; (STO) substrates by pulsed laser deposition
(KrF laser, 248 nm wavelength). The thicknesses of the HZO
and LSMO films were around 6 and 22 nm, respectively. The
HZO film was around 6 nm thick, which is the optimal
thickness for high polarization in epitaxial films on (001)-
oriented STO substrates.”® The LSMO bottom electrode with a
thickness of 22 nm combines high conductivity and flat surface
(a LSMO electrode cannot be very thin because a dead layer at
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the interface with STO reduces the conductance, but the surface
roughness increases with thickness).”* The deposition para-
meters of LSMO were a laser frequency of 5 Hz, an oxygen
pressure of 0.1 mbar and a substrate temperature of 700 °C.
The corresponding deposition parameters of HZO were 2 Hz,
800 °C and 0.1 mbar.>>** At the end of the deposition, the
oxygen pressure was increased to 0.2 mbar and the heater was
switched off. Platinum circular top electrodes (diameter 20 pm
and thickness 20 nm) were deposited ex situ at room tempera-
ture by sputtering through stencil masks.

Crystal characterization was performed by X-ray diffraction
(XRD) with Cu Ko radiation using a Siemens D5000 diffract-
ometer equipped with a point detector, and a Bruker DS8-
Advance diffractometer equipped with a 2D detector. The
identification of the crystal phase and the orientation in the
individual HZO grains was performed by scanning transmis-
sion electron microscopy (STEM), using a JEOL ARM 200CF
STEM with a cold field emission source, equipped with a CEOS
aberration corrector and operated at 200 kV; cross-sectional
high-angle annular dark field (HAADF) images were acquired.
Film topography was analyzed by atomic force microscopy
(AFM) using a Keysight 5100 scanning probe microscope. The
ferroelectric characterization was performed using an AixACCT
TFAnalyser2000 platform. Polarization loops were measured at
1 kHz by the dynamic leakage current compensation (DLCC)
procedure® at room temperature in a top-bottom configu-
ration, with the bottom LSMO electrode grounded. In addition,
residual leakage subtraction was performed using reported
equations.”® Endurance was measured at room temperature
cycling the sample at a frequency of 100 kHz using bipolar
square pulses of the indicated amplitude and measuring polar-
ization loops at 1 kHz. Retention was measured at 85 °C by
poling the sample by a triangular pulse of 0.25 ms and
determining the remanent polarization from the first polariza-
tion curve of the polarization loop measured at 1 kHz using the
positive up negative down protocol after a delay time.

3. Results

In Fig. 1a, an XRD 6-26 scan is shown. There are LSMO(111)
and STO(111) diffraction peaks at 26 around 40°, but no HZO
reflections are observed. Wider regions of the reciprocal space
were explored using a 2D detector. Fig. 1b shows a y/-20 map
obtained by summing single y-20 maps recorded at ¢ = 90 +
4°, with an interval of A¢ = 1°. Besides the STO(011) peak at 26 =
32.3° and ¥ = 35.3°, two weaker spots belonging to orthorhom-
bic HZO can be identified in Fig. 1b. They correspond to
HZO(111) (20 ~ 30.0°, y ~ 40.0°) and HZO(002) (20 ~ 34.8°,
Y ~ 24.8°) reflections. Reflections corresponding to the mono-
clinic phase of HZO are not detected due to the limited
sensitivity of the laboratory diffractometer. STEM characteriza-
tion (shown below) reveals the presence of monoclinic crystal-
lites. The pole figures from orthorhombic HZO(111) and
HZO0(002) reflections and the corresponding integrated ¢ scans
are shown in Fig. 1c-1d and Fig. 1e (the panel at the right is a
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Fig. 1 (a) Symmetric 6/20 XRD scan measured using a 1D detector. (b) 20—
Y map around the asymmetric STO(011), orthorhombic HZO(111) and
orthorhombic HZO(002) reflections. The map is a summing intensity of
a set of maps measured using a 2D detector and recorded in a range of
¢ = £ 4° with Ap = 1°. (c and d) Pole figures around the HZO(002) and
(d) HZO(111) diffraction spots. The corresponding phi scans are plotted in
(e) with the region around ¢ = 115° magnified. The intensity scale is
logarithmic.

zoom of the region around ¢ = 115°), respectively. There are
three STO(011) substrate reflections, 120° apart with each
other. HZO(002) reflections are found at the same ¢ position
as the substrate peaks, while each HZO(111) reflection is split
in two peaks at about 5° apart (Fig. 1e). Analysis of the pole
figures points to the orientation of the HZO film close to (012).
Considering a cell (for simplicity cubic) with the out-of-plane
HZO(012) orientation, the corresponding HZO(002) planes are
aty = 26° and ¢ = 0°, while HZO(111) planes are at y = 39° and
¢ =+ 114° leading to a ¢ splitting of HZO(111) of around =+ 6°.
The broad peaks observed for HZO(111) and HZO(002) point to
a certain mosaicity both the in-plane and out-of-plane. Never-
theless, the observed peaks are compatible with the existence of
3 distinct crystal domains with an epitaxial relationship
[021]HZO(012)//[211]STO(111). Due to the very low intensity of
HZO(012) reflections and the nanometric thickness of the HZO
film (6 nm), no HZO diffraction peaks are detected in the
symmetric XRD scan (Fig. 1a).

The topographic AFM image of a 5 pm X 5 pm region
(Fig. 2a) shows that the surface of the film is very flat, with a
root mean square roughness of 0.17 nm. The maximum height

This journal is © The Royal Society of Chemistry 2022
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morphology of terraces and steps, which can also be appre-
ciated in the zoomed 1 pm x 1 pm region (Fig. 2b).

The sample was inspected by STEM in order to obtain local
information about the phase stabilization, epitaxy and micro-
structure. Fig. 3 shows cross-sectional HAADF images, observed
along the [011] zone axis (corresponding to the [111]/]211]
observation plane). Given the 3-fold symmetry of the LSMO/
STO(111) surface planes, HZO epitaxial crystallites have the
same probability of growing along the three equivalent in-plane
Fig. 2 (a) Topographic AFM image of the 5 pm x 5 um scanned region, ~ directions (120° apart). The latter, given the epitaxial relation-
with a height profile along the horizontal dashed line. (b) Topographic AFM  ship between HZO and LSMO/STO(111), entails that only 1/3 of
image of the 1 um x 1 um scanned region. the crystallites can be observed simultaneously by STEM, while

the other 2/3 of grains will be off-axis (Fig. S1, ESI{). This is
variation in the profile across the marked dashed blue line is compatible with the observations shown in Fig. 3a: those
less than 1 nm. The detailed view of Fig. 2a reveals the crystallites belonging to the 1/3 group are appropriately oriented
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Fig. 3 (a) Large field of view HAADF image showing the STO(111) substrate, the LSMO(111) electrode and the HZO film. (b—d) Zooms of the three o-HZO
crystal variants found in the HZO film, extracted from larger images collected at different locations. The [001] polar axis is tilted with respect to the plane-
normal direction by 24° (b), 66° (c) and 90° (d). The Pca2; orthorhombic model shows the Hf/Zr cations (blue balls) as seen along the different directions.
(e) Zoom of the m-HZO phase and comparison with the P2;/c monoclinic model showing the Hf/Zr cations (red balls). Note that the angle between the
[001] and [100] directions is more than 90°, which is the characteristic of the monoclinic phase. (f) Zoom around the HZO film, showing tilted
m-HZO(001) and 0-HZO(001) grains and the coherent grain boundary (GB) between them, as indicated by the yellow top and bottom arrows. Scale bar in
(b—e): 1 nm.
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for the STEM observation and show well-defined cation atomic
columns, which allows the epitaxial relationship between the
orthorhombic HZO crystallites and LSMO/STO(111) to be identified.
On the other hand, those crystallites belonging to the other crystal
variants are not appropriately oriented for the STEM observation
and the atomic column resolution is lost; instead, atomic planes are
resolved. Three different atomic-column cation patterns can be
discerned in the well-oriented orthorhombic HZO crystallites, with
projection onto planes b-c, a-c and a-b (Fig. 3b-d). These cation
patterns show features that reproduce the expected from the o-
phase (Pca2;) model (Fig. S2, ESIt). In every case, the orthorhombic
HZO unit cell is found oriented with one (001) direction tilted by
about 24° with respect to the out-of-plane direction, while the other
directions have angles of about 66° and 90°. Note that these three
variants are equivalent in a cubic, non-polar cell, but for an
orthorhombic cell, the polar axis ¢ has a different orientation in
each of them. The similarity of the three orthorhombic lattice
parameters (a = 5.234 A, b = 5.010 A, and ¢ = 5.043 A)*®> may allow
the coexistence of these three crystal variants, each associated with a
specific orientation of the polar ¢ axis. Specifically, ¢ is observed to
lay at 24° (biggest out-of-plane polarization component, Fig. 3b), 66°
(intermediate polarization component, Fig. 3c) or in the plane (90°,
null out-of-plane polarization component, Fig. 3d) with respect to
the plane-normal direction in three different grains. Therefore, each
kind of grain is expected to contribute differently to the macroscopic
polarization measured in the capacitor-like devices.

In addition to the polar tilted orthorhombic HZO(001), the
non-polar monoclinic phase is also observed. Like the orthor-
hombic phase, the monoclinic phase presents the [001] direc-
tion tilted by about 24° away from the plane-normal direction.

View Article Online

Journal of Materials Chemistry C

A zoomed monoclinic grain and comparison with model is
shown in Fig. 3e. Interestingly, the coexistence of the orthor-
hombic (0) and monoclinic (m) crystallites with a similar
epitaxial orientation allows the formation of coherent o/m
grain boundaries (Fig. 3f), in contrast to the incoherent
0(111)/m(001) grain boundaries found in HZO films on (001)
substrates. In particular, the coherent m/o boundary forms
despite the nominal 5% larger m(001) lattice spacing compared
to the o(001) lattice spacing. The coherent boundaries are
observed between grains with equivalent in-plane epitaxial
orientation, but HZO crystallites can grow along any of the
three equivalent in-plane directions. Thus, the grain bound-
aries between differently in-plane oriented HZO crystallites may
not be coherent. This possibility could not be confirmed due to
the difficulties in observing the cation columns for the misor-
iented crystallites. Besides, the intensity of the HAADF image
(which scales approximately as Z>, Z being the atomic number)
at the HZO/LSMO interface (Fig. 3f) suggests a similar inter-
facial reconstruction to the one found in HZO/LSMO/
STO(001),>® where Hf/Zr atoms substitute Mn atoms right at
the interface.

Grains that have grown along the two other equivalent in-
plane directions of STO(111) and are not in perfect on-axis in
the STEM images also provide valuable information. The
resolved planes can be identified as belonging to the {111} or
{111} families, which is the expected view if one grain is rotated
in-plane by 120° clock or anticlockwise. The atomic columns
remain unresolved in these grains due to an additional mis-
orientation to 120° of about 6° (Fig. S1, ESIt). Interestingly, it
can be seen that these {111} or {111} planes appear fully

Fig. 4

(a) HAADF cross-sectional image of an orthorhombic HZO crystallite and the LSMO electrode. (b) The corresponding fast Fourier Transform (FFT)

filtered image. {111}/{111} HZO planes and {110} LSMO planes are selected in the FFT (see the bottom-right inset) and used to obtain the image containing
only the selected planes. Note that both HZO {111}/{111} and LSMO {110} reflections appear as one spot as they are not resolved separately. For clarity,
planes in the HZO are shown in yellow while those in LSMO are shown in white. The location of the HZO/LSMO interface is indicated with a horizontal
yellow arrow both in (a) and (b).

8410 | J Mater. Chem. C, 2022, 10, 8407-8413 This journal is © The Royal Society of Chemistry 2022
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coherent with the (110) planes of LSMO, with a one-to-one
matching along the direction parallel to the interface (corres-
ponding to the following directions: [421]JHZO/[211]LSMO, see
Fig. 4a and b). On the other hand, the HZO/LSMO interface are
semicoherent as seen along the [011] LSMO zone axis as shown
in Fig. S3 (ESIf). Given the dissimilarity between the HZO
polymorphs and the LSMO structure, these well-matched
planes can play an important role in the epitaxial stabilization
of orthorhombic HZO on LSMO(111). The expected lattice
mismatch between HZO {111} or {111} and LSMO/STO (110)
planes is about 6%, which is a high but still feasible value for
the strained growth of the nanometric film.

The current-electric field curve (Fig. 5a, red line) shows two
clear ferroelectric switching current peaks. The corresponding
polarization loop (blue line) evidences the ferroelectric beha-
vior of the Pt/HZO/LSMO/STO(111) capacitor, with a remanent
polarization P, of above 14 pC cm™>. A similar value has been
obtained using the positive-up negative-down (PUND) method
(Fig. S4, ESIT). The three families of orthorhombic crystallites
have the c-axis tilted at 24°, 66° and 90° with respect to the
normal, and thus their relative contribution to the measured
polarization is different. The corresponding components of the
polarization along the normal are 0.91P,y, 0.41Pp, and 0,
where Py is the polarization of HZO, which was calculated to
be around 52-55 pC cm™2.>”*® The polarization of the film is

(a) 40 2
30+
20+ 14
o~ p—
g 101 4: <§L
o =
g | ) 10 6
= -101 =
-204 L @)
-304
-40+
. . . — -2
4 -2 0 2 4
Voltage (V)
20 10°
(C) —=— 3.5V .
== {101 &
1 1 -2
&é\ 10 i
S 1103 2
O 10 2
= 1404
:_ 103
5 C©
N s, 110° o
5
AN A {108 3
O
0 107

10° 10" 102 10%® 10* 10° 10° 107 10% 10°
Number of cycles
Fig. 5

View Article Online

Paper

expected to be P=0-(1/3 X 0.91Ppyji + 1/3 X 0.41Py,p + 0), where
o is the fraction of the orthorhombic phase in the film. From
the measurement of P, ~ 14 uC cm™?, it can be estimated that
a is ~0.6, which qualitatively matches with the STEM observa-
tion. Fig. 5a also shows that the loop is notably shifted towards
the negative electric field. The positive and negative coercive
fields are Ec. = —3.3 MV cm ! and Ec, = 1.8 MV cm %,
respectively, signaling an imprint field of 750 kV em ™" pointing
towards the bottom LSMO electrode. The leakage current is
plotted as a function of the electric field in Fig. 5b. The leakage
is low, around 6 x 10"®* Acm™2at 1 MV em™ . Fig. 5¢ shows the
endurance measured applying bipolar cycles of amplitudes of
3 V (solid triangles) and 3.5 V (solid squares). There is not
wake-up effect, despite the significant internal field in the
pristine state (Fig. 5a). The initial polarization window at 3 V,
9.5 uC cm™ 2, decreases slightly to 8.9 uC cm™ 2 after 10° cycles
but degrades more severely with further cycling down to
2.5 uC cm™? after 10° cycles. In the endurance measurement
at 3.5 V, the higher initial polarization (2P, ~ 14 uC cm ?)
decreased progressively to 8.8 uC ecm > after 10° cycles, and
then diminished faster up to 3.5 pC cm™> after 10° cycles. The
evolution of the leakage current during the endurance mea-
surements (open symbols in Fig. 5c¢) does not reveal the
correlation between ferroelectric fatigue and leakage. The lack
of the correlation suggests that the fatigue process, to a great
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(a) Current—electric field curve (red line) and the resultant ferroelectric polarization loop (blue line). (b) Leakage current as a function of the

electric field. (c) Evolution of polarization (2P,) with the number of bipolar cycles of amplitude 3 V (solid triangles) and 3.5 V (solid squares). Open symbols:
evolution of the leakage current (value at 1V) during the endurance measurements at 3 V (triangles) and 3.5 V (squares). (d) Ferroelectric retention at 85 °C
after poling with positive (solid symbols) or negative (open symbols) voltage pulses of 3.5 V (squares) and 3 V (triangles). Dashed lines correspond to
P, «c ty~" equation data fitting, where t, refers to the time after poling. The vertical line marks a time of 10 years.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. C, 2022,10, 8407-8413 | 8411


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tc00996j

Open Access Article. Published on 03 May 2022. Downloaded on 10/21/2025 9:36:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

extent, is not originated by the formation of new oxygen
vacancies. A similar behavior was observed in the epitaxial
HZO films on LSMO/STO(001)" and buffered Si(001),>° and it
was proposed that fatigue in these epitaxial films is mainly
caused by the fast growth of pinned ferroelectric domains
within each orthorhombic grain.>® The polarization retention
was measured at 85 °C, poling the capacitors at the same
voltage used for the endurance measurements (Fig. 5d). Trian-
gles and squares correspond to the polarization retention after
poling at 3 V and 3.5 V, respectively, and the measurements
were done for positive poling (solid symbols) and negative
(empty symbols) poling. The experimental data, up to 10" s,
were fitted to the P, = P, t4_ X equation (dashed lines in Fig. 5d),
being t4 the time after poling. The extrapolated retention
extends beyond 10 years (vertical dotted line) for both poling
voltages.

Conclusions

In conclusion, the epitaxial stabilization of orthorhombic HZO
on LSMO/STO(111) has been demonstrated. In contrast to
equivalent films on STO(001), HZO films are not (111)-
oriented. They show tilted epitaxy and have three crystal
variants with a polar [001] axis at different angles with respect
to the plane-normal direction. The experimental ferroelectric
polarization, about 14 pC cm™?, matches well with the
estimated value considering the crystal orientation of orthor-
hombic grains. Good retention and endurance are also demon-
strated. The different crystal orientations compared with films
on LSMO/STO(001) can be useful to investigate its impact on
the ferroelectric properties. HZO on STO(111), with three crystal
variants with a perfectly defined orientation, is suitable for the
parallel functional characterization of monocrystalline grains
with three specific orientations using piezoresponse force
microscopy or in-situ transmission electron microscopy.
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