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The persistence of ferroelectricity down to nanometer scales in hafnia-based materials makes these compounds
promising candidates for future electronic applications. Moreover, theoretical calculations show the existence of
several meta-stable phases of hafnia, which means that epitaxial strain engineering might be capable of
stabilizing some of these meta-stable phases. In this work, HfysZrosO, (HZO) was deposited on an epitaxial layer
of Lag7Sr03Mn0Os (LSMO), which was grown on a (100)-oriented SrTiOz (STO) single crystal substrate. High-
resolution X-ray diffraction measurements, combined with dynamical X-ray diffraction simulations of the
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DOI: 10.1039/d4ma00550¢ multilayer, give new insights into the delicate interplay between interfacial layers and the strain state of the LSMO

and HZO layers. This sheds new light on the way we can model these kinds of multilayers and potentially
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Over the last decade, the interest in hafnia-based ferroelectrics
has increased dramatically. A major advantage of hafnia is that
its ferroelectricity persists down to small length scales, making
it more interesting for further miniaturizing electronic compo-
nents. The fact that hafnia’s ferroelectricity remains down to
nm scales is contrary to what is observed in most other ferro-
electric materials, such as, for instance, lead zirconate titanate
(PZT). In most conventional ferroelectric materials, the ferroe-
lectricity tends to vanish in ultrathin films due to depolariza-
tion fields."”> The need for miniaturization and more energy-
efficient materials makes hafnia-based materials promising
candidates for future applications. Another advantage of hafnia
that is often overlooked is the fact that its toxic effects on
humans and the environment are virtually nonexistent. Espe-
cially compared to the most widely used lead-containing ferro-
electrics, hafnia can be regarded as a much safer material.

Different phases of hafnia-
based compounds

Various pseudo-stable phases of hafnia have been known for years.
Apart from the parent high-symmetry cubic Fm3m phase, other
phases include tetragonal (t-phase, P4,/nmc), orthorhombic (o-phase,
Pbca, Pnma, Pca2, and Pmn2,) and monoclinic (m-phase, P2,/m, P2,/
¢, Pm and Cc) variations. In ambient conditions, the ground state
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investigate strain relaxation through XRD simulations.

phase is the centro-symmetric, monoclinic P2;/c phase.
Because of the underlying symmetry, this phase does not show
any ferroelectricity. However, first-principle calculations have
shown that the free energy differences between some of these
hafnia phases are only on the order of few tens of meV per atom
and that they are pressure-dependent.® For the polar, orthor-
hombic Pca2, and Pmn2, phases the difference in free energy
per atom is < kg7/5 in ambient conditions, and it has indeed
been shown that the Pca2, phase can be stabilized in a lab
environment.

Stabilization of meta-stable hafnia phases is usually accom-
plished by applying strain or doping.*” In literature, the mostly
investigated phase is the ferroelectric Pca2,; orthorhombic
phase, because it was the only known meta-stable ferroelectric
hafnia phase for some time.® Because of the meta-stable char-
acter of this phase, a lot of effort has been put into investigating
different dopants and strain conditions and other pathways to
stabilize it. Several first-principles studies into the effect
dopants have on this hafnia phase showed that a wide variety
of dopants could be used to stabilize the Pca2; phase.” Accord-
ing to these studies, the most suitable dopants are atoms with
relatively high ionic radii, such as La, Y, and Sr. Although it
should be noted that, even in optimal doping conditions, these
dopants lead to a maximum remanent polarization of approxi-
mately 15 uC cm 2 and they still cannot stabilize the polar
Pca2, phase completely. Other factors, such as electric field,
strain or surface energy is still needed to achieve stabilization.
Apart from the orthorhombic Pcal phase, another ferroelectric
phase in hafnia was recently discovered: A rhombohedral
(r-phase) in Hf,5Zr 50, (HZO) was claimed to be found by
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Wei et al.® A further investigation into this rhombohedral phase
suggests that it is strain-stabilized: Growing on top of relatively
small substrates, such as YAIO; (a = 3.72 A), results in a non-
ferroelectric, mixed t-phase/m-phase HZO film. As the lattice
parameter of the substrate gets bigger, more and more r-phase
appears. At a > 3.88 A the growth of HZO is completely surface
energy mediated and therefore phase-pure rhombohedral HZO
grows. Furthermore, when the LSMO bottom electrode in these
samples is compressively strained on the substrate, a mix of m-
and t-phases appears, whereas tensile strained LSMO results in
purely rhombohedral HZO.? It should be noted that whether or
not this HZO is truly rhombohedral is an ongoing debate.
Alternatively, it could be that the HZO simply undergoes a
structural distortion caused by epitaxial stress, which is more
often seen in heteroepitaxial systems.' In this manuscript we
will refer to the HZO as being rhombohedral, but the reader
should keep in mind that the HZO may not have a true
rhombohedral phase. The r-phase HZO stays ferroelectric down
to the ultrathin limit (film thickness of < 10 nm). The largest
remanent polarization in these films (P, = 34 uC cm %) was
reported for 5 nm thick HZO films.® Compared to other ferro-
electric materials, such as PZT, remanent polarization in these
HZO films is relatively small, but the persistence of ferroelec-
tricity down to nanometer thick films makes it a potentially
interesting material for a wide range of applications.

Ferroelectricity in hafnia-based
materials

The persistence of ferroelectricity down to nanometer scales
defies our current understanding of ferroelectricity. In conven-
tional ferroelectrics, a depolarization field arises to counter the
electric field from the spontaneous polarization. This field is
usually weakened by internal charge carriers in the ferroelec-
tric, domain formation and free charge carriers in metallic
electrodes, if they are present. As a ferroelectric film gets
thinner, more and more of these dipoles lie at its surface and
the depolarization field starts dominating more. This leads to a
suppression of the spontaneous polarization until, below a
certain critical thickness, the ferroelectricity vanishes all
together."" However, somehow the ferroelectricity in these
hafnia-based compounds persists, suggesting there is another
mechanism at play here compared to conventional ferroelec-
trics. There is some evidence that flat phonon bands in hafnia
give rise to unipolar 2D domains forming, separated by non-
polar 2D slices. This specific configuration comes with a
relatively small depolarization field and is therefore also stable
at small length scales."” There has also been some research
conducted into what drives the switching in these compounds,
which suggests oxygen vacancies play an important role.
Nukala et al."® showed that oxygen migration seems to drive
polarization switching in hafnia-based compounds, by utilizing
in operando STEM measurements in both high-angle annular
dark field (HAADF) and integrated differential phase contrast
(iDPC) modes. iDPC made imaging of light elements possible,
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such as hydrogen and oxygen, allowing for direct imaging of the
oxygen ions in hafnia, as well as oxygen vacancies (Vo). By
monitoring the hafnia while applying a bias voltage, it was
shown that Vo, migration plays a key role in the switching of
hafnia. Moreover, they showed that the formation of oxygen
vacancies in tensile strained LSMO creates a conducting, oxy-
gen deficient interface layer between the LSMO and HZO.
Moreover, it is well-known from previous research that tensile
strain can lead to the formation of oxygen vacancies."* This
means that the formation of this interface layer allows for
effective screening, and therefore stabilization of the polar
r-phase in the HZO at these small length scales. Ultimately,
the presence and migration of Vo also hint at a possible
stabilization mechanism of the rhombohedral phase.

Here, we present a careful study of the growth of thin
rhombohedral HZO films on LSMO electrodes and an investi-
gation of its structure by XRD measurements (using both
symmetrical scans as well as phi-scans). Subsequently, we use
dynamical X-ray diffraction simulations to study the interfaces
and the strain state within the layers and shed more light on
the stabilization of rhombohedral HZO.

HZO on single crystal STO

Firstly, several samples on single crystal (100) STO substra-
tes were made to achieve high quality HZO films. An
Lay ;S193MnO;3; (LSMO) bottom electrode with a thickness of
20 nm was used in these samples. The layer thickness for the
HZO was aimed to be approximately 10 nm. All layers were
deposited by pulsed laser deposition (PLD) using stoichio-
metric targets and the growth was monitored by in-situ reflec-
tion high-energy electron diffraction (RHEED). The PLD system
was equipped with a KrF excimer laser with a wavelength of
248 nm to ablate the targets. A fluence of 1.9 J cm™ > was used at
a frequency of 2 Hz. The growth was done in a pure oxygen
atmosphere. For the growth of the bottom electrode, an LSMO
target with a composition of Lage,Sre33MnO; was used. The
growth conditions of the LSMO bottom electrode were set the
same as the conditions for the HZO layer on top. For the three
samples that are discussed in this work, slightly different
growth temperatures and background pressures were chosen
to investigate what conditions would give the best quality films.
The intensity of the specular RHEED spot was tracked during
the growth to allow for thickness calibration and to get more
insight into the growth mode. For the three LSMO layers, the
RHEED intensity is shown in Fig. 1(a) as a function of time
together with the growth temperature and oxygen pressure.
Although all traces show oscillations, there are some dis-
tinctive differences between the samples visible. Samples 1 and
2 initially show oscillations that dampen out later on, until no
oscillations are visible anymore. The main difference between
these traces is that the trace of sample 2 shows a more
prominent recovery of the intensity after every pulse. The origin
for this is probably the slightly higher growth temperature that
provides the incoming adatoms with more kinetic energy,
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Fig. 1 RHEED traces of the LSMO growth at different conditions are shown in panel (a). The jump in the traces of samples 2 and 3 at around 260 s and
115 s, respectively, is caused by a manual increase of the RHEED current. The oscillations are an indication of a 2D layer-by-layer growth mode. The
oscillations are used in order to accurately estimate the growth rate of the LSMO. Evolution of the RHEED pattern during deposition is shown in panels
(b)—(d), with the RHEED pattern of the bare STO substrate in (b), the RHEED pattern after depositing 20 nm of LSMO in (c) and after deposition of 10 nm of
HZO in (d). The surfaces of the samples (corresponding to the traces from panel (a) from top to bottom) are shown in the AFM micrographs in panels
(e)—(q), respectively. All samples show very smooth surfaces where the vicinal steps of the underlying STO substrate are still visible.

allowing them to find a more favorable nucleation site. This
results in the growth showing more characteristics of a step-
flow mode, although it should be noted that no clear increase
in the RHEED signal was observed after the deposition was
interrupted. Sample 3 shows oscillations that continue until the
end of the deposition. Although the intensity of the oscillations
decreases slightly for the first twenty oscillations, a steady layer-
by-layer growth state is reached eventually. For all samples, the
RHEED patterns themselves look similar during growth. The
evolution of the RHEED pattern is shown in Fig. 1(b)—(d).
Considering the pattern after depositing LSMO in Fig. 1(c), it
is clear that the LSMO layer indeed grows in a 2D mode with
small roughness. A streaky pattern emerges, as is common for
2D, heteroepitaxial cube-on-cube growth. As soon as the HZO
deposition starts, the pattern fades out until only a few streaks
remain visible in Fig. 1(d). The streaks are evidence of a flat

7344 | Mater. Adv., 2024, 5, 7342-7348

surface. However, the decrease in intensity and definition of the
streaks means there are likely multiple domains forming with sizes
that are smaller than the coherence length of the electron beam.
This results in a widening of the rods in reciprocal space. Impu-
rities and other defects probably result in the pattern becoming less
well-defined. However, no 3D spots are visible, which is an indica-
tion of a flat surface topology. The surface of the samples was
checked by AFM (see Fig. 1(e)-(g)). RMS roughness for all samples
is below 0.5 nm and the vicinal steps of the underlying STO
substrate are still visible, which means the roughness is relatively
small. This matches with the RHEED patterns.

HR-XRD measurements

High Resolution XRD measurements were carried out in order
to get more information about the crystal structure of the thin

© 2024 The Author(s). Published by the Royal Society of Chemistry
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films. All XRD measurements were performed on a Bruker D8
system with a rotating anode for extra brilliance. The results are
shown in Fig. 2. X-ray reflectivity (XRR) scans are shown in
Fig. 2(a). Simulation of these measurements results in very
comparable thicknesses for the layers between the samples.
The LSMO layer is approximately 20 nm and the HZO is 10 nm.
The LSMO (001) peak in Fig. 2(b) peak looks similar for all
samples.

Its position of 23.03° corresponds to an out-of-plane lattice
constant of 3.85 A, which fits with tensile-strained LSMO. Laue
oscillations on both sides of the LSMO peak indicate good
crystallinity of the layer. The equidistant spacing of the oscilla-
tions indicates similar thickness and quality of the LSMO layers
for all samples. The HZO (111) peak appears around 30°. Its
broad appearance can be related to the relatively small thick-
ness of the HZO layer (10 nm). The dashed line that is
annotated with r (111) shows the expected 20-angle of the
rhombohedral phase. The dotted line that is indicated with o
(111) indicates the expected position of orthorhombic Pca2,
HZO. Laue oscillations are also present on both sides of the
HZO peak. Moreover, the Laue oscillations around the peak
show an asymmetry, which can be explained by multiple
phenomena. Firstly, the strain that is induced within the
HZO film. The strain-driven shift of ions within the crystal
lattice effectively breaks the symmetry of the diffraction pat-
tern. This results in an asymmetry around all non-zero order
diffraction peaks.'® Furthermore, it is expected that relatively
large strain fields are present within the HZO film, since its
presumed phase is strain-stabilized. From literature it is known
that the interfacial layer of the HZO film can show values up to
8% tensile strain.® Another mechanism that might play a role
here is the change in phase relationship between the Kiessig
fringes and the Laue oscillations.'” This asymmetry is usually
more prominent at lower 20 angles and only shows up when the
interfaces between the different layers are smooth. Otherwise,
the Kiessig fringes will decay rapidly to a level where they no
longer interfere with the Laue oscillations. However, in order
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for this phenomenon to play a key role, the Kiessig fringes will
have to extend all the way up to the diffraction peak that is
investigated. Since Kiessig fringes for these samples usually fall
below the noise level at 20 angles between 5° and 10° this
mechanism is assumed to play a very minor role here. Small
amounts of unwanted monoclinic HZO, indicated by m (002),
show up just below 35°, which is to be expected for films of this
thickness. As film thickness grows, the strain starts to relax and
more of the unstrained, monoclinic ground state is expected. Based
on the results from Fig. 2(b), the sample grown at 800 °C and 0.15
mbar pO, showed the least monoclinic contamination in the HZO
layer. Therefore, this sample was investigated more thoroughly.
In order to get a better understanding of the strain state and
crystal quality of these samples, dynamical XRD simulations
are run and compared to the experimental data. The simula-
tions are done by employing the XRD server from S.
Stepanov.'®*2° For the simulations the substrate is STO and
the main reflection is the (001) peak. The LSMO is simulated as
LaMnO; (LMO), since this is easier to incorporate into the
simulations. The simulation of the HZO layer is slightly more
cumbersome, since it does not grow in a cube-on-cube-like
manner on top of the LSMO and the platform as developed by
Stepanov simulates the same main diffraction peak, in this case
(001), for all subsequent layers. In order to circumvent this
problem, a rhombohedral HfO, crystal was added to its internal
database. Instead of letting the program simulate this layer by
its default settings, the susceptibility of the HZO layer (o, xn) is
manually entered into the simulation so that it is possible to
simulate the correct (111) reflection. The overall fidelity of the
simulation can partly be judged by eye. However, a more
quantitative and verifiable parameter would be useful for
determining how good the simulation is. In order to do this,
a figure of merit of the fit is defined by looking at the root mean

square error on a log scale: FOM = 3~ \/(log,o xim — log; xis)2.

Here the sum runs over all data points indexed by i and the
subscripts m and s denote the measured and simulated data
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(a) shows XRR measurements of the films with the extracted thicknesses. The squares are the measured data points, and the lines represent

simulated fittings. (b) shows 20-w scans of the films at different growth conditions. The main peaks are indicated by their Miller indices. For HZO, the

theoretically expected positions of the rhombohedral (111) and the orthorhombic (111) peaks are indicated by the dashed and dotted lines, respectively.

The monoclinic (002) peak is indicated by a dashed line.
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Fig. 3 Both graphs show the experimental data in black and the simulated data in red. The top graph shows the simulation for single layers. The bottom
graphs show the results of the simulation in case the LSMO and the HZO layers are split up into three and two sublayers, respectively.

points, respectively. This value is minimized within the given
restraints in order to get the best fit.

The model was refined by employing a similar strategy as
Kane et al. for their work on LaNiO; grown on LaAlO;.>" To
model strain and interfacial layers, the layers are split up into
multiple sublayers, each with slightly different strain and
roughness parameters. The single layer simulation in the top
panel of Fig. 3 shows a reasonable match between experiment
and simulation, with the periodicity of the Laue oscillations in
good agreement. For this simulation, the thickness of the
LSMO layer was set at 19.5 nm and the HZO thickness was
set at 10.3 nm. This is in reasonable agreement with the

180

270
(a) Pole figure of the HZO(111) peak

Intensity (arb. unit) I

thicknesses that were extracted from the XRR measurements,
although the LSMO seems to be slightly thinner here. The
asymmetry around the STO and LSMO (001) peak is not
completely reproduced, as can be seen from the fact that the
intensity of the simulation is a bit too high on the right-hand
side. Splitting up the LSMO and HZO layers into three and two
sublayers, respectively, gives the results that are shown in the
bottom panel of Fig. 3. The sublayer thickness adds up to the
same thickness as for the single layer simulation. The LSMO
layer is split up into three equally thick sublayers, with a strain
gradient being modelled as decreasing strain throughout the
stack. For the HZO layer it is known that an interfacial
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Fig. 4 Panel (a) shows the pole figure of the HZO (111) peak of a 10 nm HZO film on a single crystal STO substrate. The radial angle y ranges from 0° up
to 85° and the azimuthal angle ¢ ranges from 0° to 359°. Panel (b) shows the 20 position of each pole. The dashed line is drawn at the position of the out-

of-plane (111) pole as a guide to the eye.
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tetragonal phase is formed of about one unit cell. This inter-
facial layer has been observed in ALD-grown HfO,>* as well as
in yttria-stabilized zirconia (YSZ) on STO?*® and is known to be
heavily strained. Therefore, when modelling the HZO, a very
thin interfacial layer is added with a thickness of 5 A. The rest
of the HZO is modelled as a homogeneous layer. Although the
asymmetry around the peak at 23° is still not completely
matched, it is clear that splitting up the layers results in a
better fit. The intensities of the experimental and simulated
data are more similar and the overall Laue fringes are repli-
cated more accurately. The asymmetry of the Laue oscillations
around the HZO (111) peak is present in the simulation. Similar
simulations for the other two samples can be found in Fig. S2 in
the ESIL.{

Whether or not the HZO is truly rhombohedral can be
verified by measuring a pole figure at the 26 position of the
HZO (111) peak. This pole figure is shown in Fig. 4.

Twelve poles are clearly visible at ¢ ~ 71°, fitting with 4
crystallographic domains corresponding to the (11—1), (1—11)
and (—111) reflections. These domains follow the 4-fold cubic
symmetry of the underlying substrate. The 4 weaker reflections
at ¢ ~ 55° correspond to (001)-oriented domains in the film,
with the (111), (—111), (1—11) and (—1—11) reflections expected
at (for cubic symmetry) y ~ 55°, separated by an azimuthal
angle of ¢ = 90°. Scanning the 26 angles of each pole separately
results in the graph of Fig. 4(b). The poles are all shifted slightly
to higher 20 angles with respect to the 20 angle of the out-of-
plane pole, indicating that the d-spacing of the planes corres-
ponding to the poles is smaller than the out-of-plane d-spacing.
This can only be related to a rhombohedral symmetry.

Discussion & conclusions

The samples that were grown show a well-controlled growth, as
indicated by the RHEED oscillations and confirmed by XRR
measurements. Moreover, the 20-w scans reveal a well-oriented
HZO (111) layer with small amounts of the contaminating
monoclinic phase present. Judging from the Laue oscillations,
it seems as if the films that are presented here are at least of
similar quality as the films grown in,® with good crystalline
coherence in both the LSMO and HZO layers. Dynamical XRD
simulations show that the interface roughnesses are indeed
relatively small. The RMS roughness values of all the interfaces
are < 0.5 nm in the simulations, which is in good agreement
with the RMS roughness that is extracted from the AFM
measurements. The extracted thicknesses from the simulations
agree well with the thicknesses that were extracted from the
XRR measurements. The simulations shed more light on the
important role that interfacial layers and strain play in these
thin films. Modelling a strain gradient within the LSMO layer
and introducing an interfacial sublayer within the HZO was
necessary to have an agreement between experimental and
simulated data. This shows that the modelling of multilayer
systems, where epitaxial strain plays a role, can benefit from
these kinds of dynamical XRD simulations. Furthermore, a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thorough investigation of the interfaces in this system, e.g. by
STEM, would be invaluable to get a better understanding of the
structure of the interfaces themselves and help further improve
the XRD model as described in this manuscript.

Data availability
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