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ABSTRACT

ARTICLE HISTORY

The unconventional Si-compatible ferroelectricity in hafnia-based systems, which becomes robust only at nanoscopic sizes, has attracted a
lot of interest. While a metastable polar orthorhombic (o-) phase (Pca21)
is widely regarded as the responsible phase for ferroelectricity, a higher
energy polar rhombohedral (r-) phase is recently reported on epitaxial
HfZrO4 (HZO) films grown on (001) SrTiO3 (R3m or R3), (0001) GaN (R3),
and Si (111). Armed with results on these systems, here we report a systematic study leading toward identifying comprehensive global trends
for stabilizing r-phase polymorphs in epitaxially grown HZO thin films
(6 nm) on various substrates (perovskites, hexagonal and Si).
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1. Introduction
Ferroelectric hafnia-based compounds owing to their Si-compatibility are very promising materials that can seamlessly integrate ferroelectric phenomena into microelectronic
devices [1–3]. In these systems, ferroelectricity becomes more robust with device miniaturization, quite contrary to the behavior of conventional ferroelectrics where depolarization fields become increasingly important at small sizes [4–6]. Hence this is a new
kind of ferroelectricity, leading to a growing interest in not just application-oriented
research but also in fundamental research on its origins and features [7–17].
Hafnia (zirconia) and hafnia-based alloys characteristically display a plethora of polymorphs [18]. While the monoclinic (P21/c, m-) phase is the bulk ground state, other
low-volume metastable polymorphs such as the tetragonal (t-), cubic (c-) or orthorhombic (o-) phases are responsible for the various functionalities in these materials [19,20].
These are high temperature, high pressure phases in the bulk, which can be stabilized at
ambient conditions via nanostructuring [21], doping [1,10,22–25], oxygen-vacancy
engineering [26,27], thermal stresses [28,29] and epitaxial strain [22,25,30–37], all of
which can be suitably factored into thin film geometries. In particular, ferroelectric
behavior results from the metastable polar phases. First-principles structure calculations
predict that at least five polar polymorphs (with space groups Pca21, Cc, Pmn21, R3 and
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R3m) fall in an energy window possible to achieve experimentally, among which the
polar o-phase (Pca21) has the least energy (64 meV/f.u.) [30,38,39]. This phase has been
observed (and sometimes assumed) in polycrystalline ferroelectric layers grown via
atomic layer deposition (ALD) [1,10,40,41], chemical solution deposition (CSD) [42],
RF sputtering [43,44], co-evaporation and plasma assisted atomic oxygen deposition
[40], as well as epitaxial layers obtained via pulsed laser deposition (PLD)
[25,33–35,37,45,46]. Recently, a higher energy polar rhombohedral (r-) phase has been
observed on Hf0.5Zr0.5O2 (HZO) layers epitaxially grown on SrTiO3 (STO) substrates
buffered with La0.7Sr0.3MnO3 (LSMO) as the back-electrode [30]. Films below 9 nm
exhibit single r-phase, which is characterized by wake up-free polarization switching.
Remanent polarization (Pr) values as large as 34 mC/cm2 were observed on these films
with thickness of 5 nm, this being the highest Pr reported in HfO2-ZrO2 alloys. Later,
pure r- phase was also reported on 6 nm HZO layers grown epitaxially on hexagonal
GaN buffered Si substrates [47], whereas mixed m- and r-phases are reported on HZO
layers epitaxially grown directly on Si (111) [48].
The experimental demonstration of these reported polar and in most cases ferroelectric
o- and r- phases, begs the question of which factors favor which phase. By systematically
varying the initial strain conditions and film orientation through a choice of various substrates (using PLD), we present here a comprehensive study leading to guidelines on the
stabilization of the r-phase polymorphs. In deriving trends we utilize the results recently
reported for epitaxially grown 6 nm HZO layers on STO//LSMO (001) [9], hexagonal GaN
(0001) [47], and Si (111)) [48], in addition to new data acquired in this work on other
(001) perovskite substrates and (0001) hexagonal sapphire.

2. Experimental methods
HZO thin films of thickness 6 nm were grown by PLD on LSMO-buffered perovskite
(001) substrates (in the following denoted as LBP), Nb (0.5%) doped SrTiO3 (Nb:STO,
(001)) and hexagonal sapphire (0001). A KrF excimer laser (k ¼ 248 nm) was used for
ablation. The HZO target was synthesized via standard solid-state synthesis (sintering
temperature: 1400  C), starting from powders of HfO2 (99%) and ZrO2 (99.5% purity).
LSMO targets were purchased from PI-KEM. For HZO layers on LBP, an LSMO layer
was first deposited as the bottom electrode on various perovskite substrates (YAlO3,
LaAlO3, NdGaO3, (LaAlO3)0.3(Sr2TaAlO6)0.7, SrTiO3 and DyScO3) at a laser fluence and
frequency of 1 J cm2, and 1 Hz, respectively, with a 0.15 mbar of oxygen pressure and
substrate temperature of 775  C, giving rise to a growth rate of 0.13 Å/s. This LSMO
buffer layer had a thickness of t ¼ 40 nm, unless otherwise mentioned. The HZO layers
on LBP, Nb doped STO and sapphire were deposited at 1.1 J cm2, 2 Hz, 0.1 mbar and
800  C (deposition rate: 0.16 Å/s). Films were cooled down at 5  C/min to room temperature under oxygen pressure of 300 millibar.
Global structure, symmetry, phase-mixing and domains information was obtained
from X-ray diffraction (Cu Ka source). Texture analysis was performed via v-u (pole
figure) scans at 2h  30.0 (approximately corresponding to the d{111} of the low-volume

phases, including c-, t-, o-, r-phases), and at 2h  34.5 (approximately corresponding to
the d{200} of all the polymorphs). These will be referred to as {111} pole figure and
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Figure 1. R-phase determination in HZO//LBP, P ¼ STO. (a) Pole-figures or v-u projections obtained
at a fixed 2h corresponding to d(111) of HZO films (9 nm). (b) 2h scans about all the 13 poles in (a).
Reproduced with permission from Ref. [30].

{001} pole figures, respectively. The d-spacings of the poles obtained from the v-u projections were more precisely analyzed through symmetric 2h scans around them.
Local structural characterization and phase analysis was performed through STEM
imaging at 300 kV (Titan G2, and Themis). STEM images were obtained in high-angle
annular dark field (HAADF) mode. EEL spectra were obtained from Gatan Enfinium
spectrometer with simultaneous dark-field STEM atomic resolution imaging. O–K edge
spectra were obtained at an energy dispersion of 0,25 eV, exposure time of 0.5 s integrated over 50 acquisitions (parallel to the interface).

3. Results and discussion
3.1. Discovery of r-phase on HZO
Figure 1(a,b) shows the {111} pole figure of a HZO film epitaxially grown on LSMObuffered STO and corresponding 2h scans about each pole, reported by Wei et al. [17]
This 111 reflection was observed at about 2h  27 with synchrotron radiation of
k ¼ 1.378 Å, corresponding to 2h  30 in the lab source with k ¼ 1.541 Å. The pole figure clearly shows that the HZO films are (111) oriented (Figure 1(a)). Presence of 12
poles at v ¼ 71 is a result of four domains rotated from each other by 90 with respect
to the film normal, with each domain contributing to three poles i.e., (11  1), (111)
and (1  11), separated by u ¼ 120 . Figure 1(b) clearly shows that the 12 poles at


v ¼ 71 share the same 2h value, which is larger than that of the pole at v ¼ 0 (out-ofplane). This indicates a 3:1 multiplicity in the d-spacing of the {111} planes, with the
longer lattice parameter out of plane (d(111)¼2.98 Å > d(11  1)/(1  11)/(111)¼2.94 Å), a
signature of rhombohedral symmetry. In contrast, the other low volume polymorphs,
such as c-, t-, o-phase, exhibit the same d-spacing for all the {111} planes.
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Figure 2. Texture measurements of HZO films grown on various LSMO buffered (001) perovskite substrates. (a) List of perovskite substrates used in this work ordered by their (pseudo)cubic lattice parameter. (b–d) Pole figures obtained at 2h  30 , showing an (001) growth orientation on YAO (b),
mixed (001) and (111) orientation on LAO and LSAT (c), and a unique (111) orientation on STO and
DSO substrates.

3.2. HZO on LSMO-buffered perovskites (001): polar r-phase vs. non-polar phases
3.2.1. Orientation changes with increasing substrates lattice parameters
The list of LBP substrates used, and their corresponding pseudo-cubic lattice parameters
are shown in Figure 2(a). The relevant lattice parameters d{110} and d{1-10} of HZO lie
between 3.56 Å and 3.62 Å for various polymorphs. Thus, all the LBP substrates provide
an initial tensile strain for a cube-on-cube growth.
{111} pole-figures of HZO//LBP with P ¼ YAlO3 (YAO, a ¼ 3.72 Å), show 4 intense poles
(blue circles) appearing at v  57 , separated in u by 90 (Figure 2(b)). This can solely arise
from a film completely oriented along (001). Pole figures of HZO on LBP with P ¼ LaAlO3
(LAO, a ¼ 3.78 Å) and (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT, a ¼ 3.87 Å) are shown in Figure
2(c). In addition to the four intense poles at v  57 , 12 weaker poles appear at v  71
(green circles). These additional poles arise from (111) oriented grains with four in-plane
domains, analogous to the case of HZO//LBP with P ¼ STO [17]. Thus, HZO on these substrates exhibits a mixed (001) and (111) oriented grains. The domains arising from these
two different orientations will be referred to as D-(001) and Di-(111) with i ¼ 1–4, respectively. HZO layers on LBPs with P ¼ STO (a ¼ 3.91 Å) and DyScO3 (DSO,
apsudeocubic¼3.94 Å) exhibit single (111) orientation (Figure 2(d)). Thus, increasing the perovskite lattice parameter results in a textural transformation of the HZO layers from purely
(100)-oriented to purely (111)-oriented, proceeding through a mixed orientation.
3.2.2. Phase analysis
We further analyzed the domains in the different film textures to determine the phases
comprising them. Here we present this analysis on a representative example of HZO//
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Figure 3. Phase determination of HZO//LBP, P ¼ LAO and DSO. (a) 2h scans about the all the four
{111} poles of a representative domain D1 in a (111)-oriented grain of HZO//LBP, P ¼ LAO. (b) Three
peak Gaussian fitting of the 2h scans about each of the {111} poles of (001) oriented grains in HZO//
LBP, P ¼ LAO. (c) 2h scans about the all the four {111} poles of (001)-oriented grain of HZO//LBP,
P ¼ LAO. (d) 2h peak positions of the {111} poles in a representative domain of (111) oriented grain
(green), compared with those of the low-volume phase of the (001) oriented grain (blue). (e) 2h scans
about each of the {200} poles of the (001) oriented grains in HZO//LBP, P ¼ LAO. (f) HAADF-STEM
image showing a mixture of (001)-oriented m- and t-phase regions (and their Fourier transforms) on
HZO//LBP, P ¼ LAO. (g) 2h scans about the all the four {111} poles of a representative domain of
HZO//LBP, P ¼ DSO. (h) Comparison between d(111) and d{11-1} of the (111)-oriented rhombohedral
grains on various substrates. LSMO lattice parameter is indicated by the vertical dashed line. Single
phase and orientation are obtained when LSMO is tensile strained.

LBP, with P ¼ LAO. Note that these films contain both D-(001) and Di-(111). Three

poles at v  71 of representative domain D1-(111) (P1–P3 indicated in green in
Figure 2(c)) have a peak at a larger 2h (¼30.4 ) than the pole at v  0 (2h ¼ 30.1 ))
(Figure 3a, d-green). Such a clear 3:1 multiplicity in the d-spacing of the {111} planes is
only consistent with the rhombohedral symmetry, as discussed above, for the (111)-oriented grains (see Figure 1(b)). Representative 2h scan from the poles of D-(001) (P1–P4,
indicated in blue circles in Figure 2(b)) is shown in Figure 3(b). Scans from each pole can
be deconvoluted into three Gaussians, with the 2h positions of the extreme peaks consistent with the d{111} of the bulk m-phase (at 2h ¼ 28.6 , green and 2h ¼ 31.4 , red in Figure
3(b)). The middle peak (shown in blue line) corresponds to the d{111} of a low-volume
phase. As shown in Figure 3(c) (and Figure 3(d), blue), this low-volume phase peak has
the same 2h position for all the poles (within the error of estimation), which is characteristic of one of t- or c- or o-phases. Figure 3(d) shows a comparison of d{111} of the rhombohedral (111) (green) and the (001) oriented grains (blue).
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Figure 4. Texture and phases of HZO//LBP, P ¼ LAO by varying the LSMO thickness. (a) Comparison
of {111} pole figures of HZO//LBP, P ¼ LAO at LSMO thickness of 10 nm and 40 nm. (b) Specular h–2h
reflections comparisons between the two, revealing that while 10 nm LSMO layer is fully strained, the
40 nm one is strain relaxed.

Further identification of the precise phase was performed from the 2h scans about
the {001} poles. Figure 3(e) shows that the d-spacings of the {002} planes of the low volume phase (deconvoluted from the monoclinic phase) are identical
(d002¼d200¼d020¼2.55 Å). These parameters are more in line with the non-polar
t-phase, than with the o-phase (with d{200}¼2.51, 2.55 and 2.62 Å). Thus, (001)-oriented
grains exhibit a mixture of non-polar m- and t-phases. A minor amount of (polar)
o-phase, as suggested by Yoong et al. [35] cannot however be discounted. HAADFSTEM analysis on HZO//LBP, P ¼ LAO further confirms the co-existence of t-phase
and m-phase in (001)-oriented domains. In Figure 3(f) (left panel), the region corre
sponding to m-phase (b ¼ 95 ) and the region corresponding to the low-volume phase,
are marked in black and blue, respectively. The low-volume region (in blue) has
predominantly t-phase (as deduced from the FFT in the inset of Figure 3(d) right
panel). Thus, while the (001)-oriented domains exhibit non-polar phases (m-, t-phase),
the (111)-oriented domains correspond to a polar r-phase.
The correlation between the film orientation and the corresponding phases observed
on LAO is consistent across other substrates too, e.g. 2h scans performed about {111}
and {001} poles, on (001)-only oriented HZO on LBP, P ¼ YAO exposes a mixture of
non-polar t and m-phases (data not shown), while 2h scans from (111)-only oriented
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Figure 5. Model for growth of HZO layers on LBP. (a) A cube-on-cube growth mode ((001)-orientation) determined by initial tensile strain conditions of the substrate is observed at modest mismatch
between the lattice parameters of substrate (e.g. YAO) and the film (see Figure 2(a)). As substrate mismatch increases, growth proceeds toward a surface energy mediated mode. (b) A mixed mode of
growth on LBP, P ¼ LAO, NGO, LSAT resulting in both (001) and (111) oriented grains. (001) grains
exhibit non-polar m- and t-phases, (111) exhibit polar r-phase. (c) On LBP, P ¼ STO and DSO unique
orientation and a single r-phase is obtained, and the growth is purely surface-energy mediated.

HZO on LBP, P ¼ STO (Figure 1(a)) or DSO (Figure 3(g)) expose a pure r-phase with
3:1 multiplicity of the {111} planes.
Interestingly, the strain state of the back-electrode, LSMO, also influences the phase
and orientation of HZO layer. Tensile strained LSMO layers (substrate lattice parameter
>3.88 Å) promote a pure r-phase oriented along (111) (green region in Figure 3(h)).
Estandia et al. [49], studied HZO (9 nm)/LBP layers with P ¼ TbScO3, GdScO3 and
NdScO3. These substrates have larger lattice parameters than both STO and DSO (thus
larger tensile strain on LSMO) and also expose (111) oriented HZO layers, with single
polar phase, quite consistent with our analysis [49]. However, when LSMO is compressively strained (blue region in Figure 3(h)), (001) oriented non-polar m and t-phases,
always appear. At lower values of compressive strains on LSMO (3%, substrates:
LSAT, NGO, LAO), the (111)-oriented polar r-phase coexists with these non-polar
phases, but at larger values (> 4%, substrate: YAO)), the (111) oriented r-phase completely disappears, and HZO layers stabilize solely in (001) oriented non-polar phases.
We further substantiated the effect of compressively strained LSMO layers on the
phase and orientation of HZO by varying the thickness of LSMO. Our 6 nm thick HZO
layer grown on a 40 nm thick (partially relaxed) LSMO layer, yields a combination of
(001) and (111) oriented domains (Figure 4(a) right panel); while a thinner, fully
strained, LSMO layer (t ¼ 10 nm) yields only (001) oriented HZO films (Figure 4(a) left
panel). Figure 4(b) clearly shows that the out of plane d(002) pc¼ 1.98 Å (1.8% larger
than bulk) on the 40 nm thick LSMO, whereas d(002) pc¼2.00 Å (2.8% larger than bulk)
on the10 nm thick layer. This is a result of a larger in-plane compressive strain in the
10 nm LSMO layer, consistent with the trends shown in Figure 3(h).
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3.2.3. Growth model for HZO layers
Our results on various LBPs allows us to propose the following model for the growth of
HZO layers (Figure 5). With P ¼ YAO, HZO layers grow in a cube-on-cube fashion
resulting in (001) oriented layers (Figure 5(a)). In this setting YAO offers initial tensile
strain boundary conditions of 3.3% to the (001) oriented HZO layers. Upon progressing to substrates with larger lattice parameters (LAO, NGO, LSAT), the tensile strain
for a cube on cube growth mode increases (>5%), and domains with (111) orientation
also start appearing (Figure 5(b)). This is because strain can no longer mediate the
cube-on-cube growth, and other mechanisms come into play. In HfO2 and ZrO2 particles, it is well known that the (111) surfaces have the least energy [21]. Thus, the transition from (001) oriented films to (111) oriented films corresponds to a transition from
tensile-strain mediated growth (Figure 5(a)) to a surface energy mediated growth
(Figure 5(c)). The (001) oriented domains predominantly crystallize in non-polar monoclinic and tetragonal phases. However, the (111) oriented domains stabilize in a polar
r-phase. A pure r-phase with single (111) orientation can be preferentially stabilized
upon further increasing the substrate lattice parameter (STO, DSO). As proposed by
Wei et al. [30], nanoparticle pressure (surface energy induced pressure from small
domain sizes) stabilizes the (111)-oriented cubic phase at high temperatures (growth
temperature). The thermal expansion coefficient mismatch between the substrate and
HZO layers1 provides an added biaxial compressive strain to HZO (111) layers, stabilizing the r-phase at room temperature [50,51]. Furthermore, as recently proposed by
Estandia et al. [52], domain matching epitaxy mechanism may further assist the surface
energy-mediated growth of HZO layers for efficient strain relaxation.
The stabilization of a pure polar phase requires effective screening of the depolarization fields, and this brings in the role of the back-electrode (LSMO). On substrates such
as STO and DSO, LSMO is tensile strained exposing a single polar phase for HZO.
However, when LSMO is compressively strained, non-polar phases always appear. To
further glean into the role of the strain state of LSMO, we compared the interfaces and
depolarization mechanisms of HZO layers on LBP with P ¼ STO and LAO.
Wei et al. [30], have reported the existence of an interfacial tetragonal phase between
LSMO and HZO in HZO//LBP (P ¼ STO) (Figure 6(a)), something which is absent in the
case of HZO//LBP (P ¼ LAO) (Figure 6(b)). Electron energy loss spectroscopy (EELS)
analysis of the O-K edge (Figure 6(c) upon normalizing with the thickness of the sample)
clearly shows that this interface is oxygen deficient compared to the rest of r-HZO. It is
well-known that tensile strain conditions promote the formation of oxygen vacancies (V€o)
in perovskites films [53]. The correlation between the oxygen deficient HZO interface and
tensile strained LSMO, strongly suggests that it is the V€o in the latter that are responsible
for the formation of such an interface. Such a mechanism of V€o transfer between various
layers is well-reported in several interfacial memristive systems involving manganites and
nickelates [54–56]. From the first-principles calculations of Rushchanskii and coworkers,
[57] these oxygen-deficient tetragonal phases in HfO2 and ZrO2 can be conducting, yielding an additional screening mechanism in for the stabilization of pure r-phase [58,59].
Thermal expansion coefficient (a) of STO is 11.1  106/ C from room temperature to 1000  C, and that of cubic phase
Yttria Stabilized Zirconia (YSZ, sister compound of HZO) is 8.5  106/ C from 60 to 900  C. aYSZ is also found to be
independent of Yttria concentration [50,51].

1
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Figure 6. Interfacial layer characterization between tensile strained LSMO and HZO. (a) HAADF-STEM
image of the interfacial layer between LSMO and HZO (substrate is STO). Reproduced with permission
from Ref [30]. (b) HAADF-STEM image of HZO//LBP, P ¼ LAO. LSMO (10 nm) is compressively strained
and exhibits no interfacial layer. (c) EELS O k-edge (after background subtraction, deconvolution of
plural scattering, and normalization to the continuum), comparison between the interfacial layer and
the HZO- away from the interface in HZO//LBP, P ¼ STO. (d) Sheet resistance-temperature characteristics from 5 to 400 K of bare LSMO//STO with HZO (monolayer)/LSMO//STO. HZO monolayer scavenges
oxygen vacancies from LSMO, rendering LSMO more conducting in the measured temperature range.

Furthermore, transfer of V€o to the interface reduces the defect content of LSMO, enhancing the overall conductivity and the electrostatic screening. The larger sheet resistance,
measured using the van der Pauw method, of just the LSMO//STO layers compared to the
HZO(monolayer)/LSMO//STO samples (Figure 6(d)) is consistent with this hypothesis. In
contrast, in compressively (and fully) strained LSMO (e.g. on LAO), V€o formation is hindered, resulting in no conducting interfacial phase, limiting the screening mechanisms
that can stabilize the polar phase (Figure 6(b)).
3.3. HZO on Nb (0.5%) doped STO
The {111} pole figure shown in Figure 7(a) reveals that HZO layers that are grown on
Nb:STO have their [111] direction mis-oriented by about 15 with respect to the surface
normal. The substrate imposes its four-fold symmetry on the film resulting in four ferroelastic domains rotated about the surface normal by 90 with respect to each other. It can
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Figure 7. Texture and phase of HZO layers on Nb (0.5%)-doped STO. (a) {111} pole figures of HZO
layers on Nb:STO. Four domains with (111) in each domain misoriented from the surface normal by
15 can be observed. (b) 2h scans about the all the four {111} poles of a representative domain. The
multiplicity of the d{111} is consistent with a lower symmetry triclinic phase.

be shown quite rigorously that such tetra-domain structure accurately reproduces all the
v- u poles observed in Figure 7(a) (poles from every domain are encircled in a different
color). 2h scans across the poles in a representative domain are shown in Figure 7(b). It
can be seen that there are three different {111} d-spacings, which rules out a rhombohedral
phase and it is, instead, characteristic of the triclinic symmetry. These results clearly evidence that the r-phase formation is strongly correlated to the film orientation being (111),
with any deviations resulting in the lowering of symmetry. These results also point out the
importance of the oxygen-deficient interfacial layer in LSMO-buffered STO substrates in
stabilizing the (111) orientation and, subsequently, the r-phase on perovskites.
3.4. HZO on hexagonal and trigonal substrates: polar r-phase
Next, we grew 6 nm thick HZO layers on substrates that, by virtue of their symmetry,
impose (111) orientation to the film. In this pursuit, we used (0001) hexagonal substrates such as GaN buffered Si [47] with a1¼a2¼3.23 Å, a ¼ 120 and sapphire with

a1¼a2¼3.46 Å, a ¼ 120 , both of which provide an initial compressive strain to the

{111} plane of HZO (a1, a2  3.56–3.62 Å, a  120 depending on the polymorph). The
{111} pole figures on both these substrates (Figure 8(a,b)) clearly show that these films
are (111) oriented. Furthermore, there are six {11  1} poles at v ¼ 71 , separated in u
by 60 , arising out of two domains (Dh1 and Dh2) 180 rotated with respect to the film
normal. Phase analysis by means of 2h scans around poles corresponding to a representative domain (Figure 8(c,d)) reveals 3:1 multiplicity, pertaining to an r-phase, on both
these substrates. HAADF-STEM images reported by Lours et al. [47] clearly show these
domains and the coherent domain boundaries on the GaN-buffered Si substrate (Figure
8(e)). The HAADF-STEM image from just one domain (Figure 8(f)) shows cationic columns of alternating intensity and shape along the [112] (in-plane) direction. This is
characteristic of the r-phase, and it is not found in any other low-volume phases, as
illustrated in the inset of Figure 8(f) with a multislice simulation of a 20 nm thick cross-
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Figure 8. Characterization of HZO layers on (0001) hexagonal substrates. Pole-figures of HZO layers
on GaN, and sapphire (b). 2h scans about the all the four {111} poles of a representative domain of
HZO on GaN (buffered Si) (c), and sapphire (d). HAADF-STEM image of 180 domain boundary of
HZO//GaN buffered Si (e), and of a single domain (f) consistent with r-phase symmetry (simulation in
the inset). Part labels a, c, e and f are reproduced with permission from Ref. [47].

sectional lamella. Thus, both XRD and electron microscopy independently confirm the
r-phase symmetry.
To further understand the precise symmetry of the r-phase on GaN, Lours et al. [60]
performed differential phase contrast (DPC) STEM imaging on HZO layers on GaNbuffered Si substrate. The differential DPC (dDPC) images were simulated through multislice simulations on both R3m and R3 (Figure 9(a)) structures at different lamella
thicknesses. An experimental match in terms of the oxygen columnar positions was
found with the R3 phase (Figure 9(b)). Visually, this can be understood by looking at
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Figure 9. High resolution TEM analysis of polar r-phase and o-phase. (a) Multislice dDPC (differentiated differential phase-contrast) STEM image simulations of R3m and R3 phases of HZO. (b) iDPCSTEM experimental image of the HZO layers on GaN buffered Si, corresponding to R3 symmetry. (c)
Displacement between centers of masses of positively (Hf/Zr) charged and negatively charged (O) columns of a representative unit cell. The [111] direction of this dipole moment is a further evidence of
rhombohedral distortion. (d) Schematic HZO unit cell. (a–d) are reproduced with permission from Ref.
[47] (e) HAADF-STEM image of the domain structure of HZO (100) grown with direct epitaxy on
Si(100). The accordion shape is a result of the monoclinic domains, and some regions between these
monoclinic domains show orthorhombic distortion. Reproduced from Ref. [48].

the O–Hf–O//O–Hf–O angle in both the structures (as indicated by the red and green
lines in Figure 8(a,b)). While in the R3m structure they are collinear, in the R3 structure
they are not similar to the experimental image. Finally, from these dDPC images, by
estimating the center of mass of cationic columns and anionic columns, Lours et al.,
reported Pr values of 1.6–1.9 lC/cm2, corresponding to a displacement vector of
8.5–9.0 pm/unit cell along [111] (Figure 9(c,d)). This is an order of magnitude less than
the values measured on HZO//LBP, P ¼ STO.
Nukala et al. [48], have synthesized epitaxial layers of ferroelectric HZO directly on Si. First
on Si (111) substrates, they obtain a phase mixture of m-phase and polar r-phase. Very interestingly, regions of HZO which are directly in contact with the monolayer of b-cristobalite (cSiO2 phase) on Si (111) stabilize in an r-phase, while an m-phase results if amorphous SiOx
layer regrows at the interface. The (111) surface of b-cristobalite provides a hexagonal template

and a small initial compressive strain conditions (a1¼a2¼3.55 Å, a ¼ 120 ) for the growth of
(111) HZO. Thus, HZO grown on hexagonal GaN-buffered Si, sapphire and trigonal Si (111),
further reinforces the trends observed on LBP substrates, i.e. that a combination of initial compressive strain and the (111) orientation stabilizes the r-phase.
3.5. Polar o-phase
Since the r-phase with polarization direction along [111] can be stabilized in (111) oriented films, the question remains whether the polar o-phase with polarization along the
c-axis can be stabilized for (001) oriented films. 001) HZO layers on LBPs shown in
this work were predominantly stabilized as non-polar phases, owing to a combination
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of tensile strain from the substrate and bad screening from the LSMO. Nukala et al.
[48] have shown the existence of the polar o-phase in combination with bulk m-phase
in HZO layers epitaxially grown on Si (100) (Figure 9(e), boxed in red). Crystalline
SiO2 layer on the surface of Si offers an initial slight compressive strain condition for
the growth of the HZO layers. However, due to the presence of a regrown amorphous
SiOx at the interface, the authors suggest that it is unlikely that any substrate strain is
transferred to the film. It appears that the stabilization of the polar o-phase (red box in
Figure 9(c)) is a result of the inhomogeneous strain fields originating at the intersection
of various kinds of nanoscopic monoclinic domains that form accordion-like structures,
as shown in Figure 9(c). Following this work, Cheema et al. [61] have reported well textured ultrathin layers of HZO directly grown on Si using atomic layer deposition. The
authors report that the films below 2.5 nm are well-oriented, perhaps predominantly
along (100) (and definitely not (111)- from pole figures). These films exhibit enhanced
acentric rhombic distortions of oxygen tetrahedra at a local scale [18], resulting in large
orthorhombic d(111). These enhanced lattice distortions at smaller thicknesses are similar
in nature to the r-phase films grown using PLD [30]. Also, in this work, it seems likely
that surface energy and inhomogenous strain fields are responsible for the stabilization
of an o-phase. Apart from Si (100), there are not many substrates that offer compressive
strain for a cube-on-cube growth of HZO (001) layers. So, the effect of compressive
strain on any phase-stabilization of the (001) layers is currently elusive, and thus makes
for a future prospect.

4. Conclusions and outlook
Pure polar r-phase is stabilized in HZO layers using a combination of compressive
strain with (111) orientation of the films. A direct way of engineering the r-phase is to
grow HZO on (0001)-oriented hexagonal substrates such as GaN, sapphire, or cubic Si
(111) surfaces. These substrates provide the template necessary to force HZO to grow
along (111), while imposing an in-plane compressive strain. Since the Pr for HZO on
these substrates is low (<2 mC/cm2), the depolarization effects are also not important
for destabilizing this phase.
Another way of engineering the r-phase is to utilize surface-energy mediated growth
modes, which orient the film along (111) given the low-surface energy of these faces.
Compressive strain due to thermal expansion coefficient mismatch, in addition to the
hydrostatic pressure provided by the nano-domain structure, stabilizes the single
r-phase. This happens for HZO grown on perovskites such as STO and DSO with
LSMO under tensile strain. On these substrates, HZO layers exhibit large Pr (up to 34
lC/cm2), and thus stabilization of such a phase would require efficient screening mechanisms. Tensile-straining LSMO creates an oxygen-deficient layer at the LSMO-HZO
interface that stabilizes the (111) orientation, the r-phase, and the large Pr associated
with it. Polar o-phase in HZO seems to have been recently observed in ultrathin layers
of HZO grown on Si (100) using atomic layer deposition, although whether it is unique
and stand-alone is not clear [61]. Stabilizing and studying this phase preferentially
through appropriate selection of substrate and strain-engineering remains a prospective study.

FERROELECTRICS

161

Acknowledgments
PN would like to acknowledge funding from European Union’s Horizon 2020 research and
innovation program under Marie Sklodowska-Curie grant agreement #794954 (nickname:
FERHAZ). Y.W. acknowledges a China Scholarship Council grant and a Van Gogh travel grant.

References
[1]
[2]
[3]
[4]

[5]

[6]
[7]

[8]

[9]
[10]

[11]
[12]

[13]
[14]
[15]
[16]

[17]

[18]

U. Schroeder, C. S. Hwang, H. Funakbo, Editors. Ferroelectricity in Doped Hafnium Oxide:
Materials, Properties and Devices (Woodhead Publishing, Cambridge, UK, 2019).
T. S. B€
oscke et al., Ferroelectricity in hafnium oxide thin films, Appl. Phys. Lett. 99 (10),
102903 (2011). DOI: 10.1063/1.3634052.
M. H. Park et al., Review and perspective on ferroelectric HfO2-based thin films for memory applications, MRC. 8 (03), 795 (2018). DOI: 10.1557/mrc.2018.175.
I. P. Batra, P. Wurfel, and B. D. Silverman, Phase transition, stability, and depolarization
field in ferroelectric thin films, Phys. Rev. B 8 (7), 3257 (1973). DOI: 10.1103/PhysRevB.8.
3257.
P. Wurfel, and I. P. Batra, Depolarization-field-induced instability in thin ferroelectric
films experiment and theory, Phys. Rev. B 8 (11), 5126 (1973). DOI: 10.1103/PhysRevB.8.
5126.
T. Schenk et al., Complex internal bias fields in ferroelectric hafnium oxide, ACS Appl.
Mater. Interfaces 7 (36), 20224 (2015). DOI: 10.1021/acsami.5b05773.
M. Pesic et al., Nonvolatile random access memory and energy storage based on antiferroelectric like hysteresis in ZrO2, Adv. Funct. Mater. 26 (41), 7486 (2016). DOI: 10.1002/
adfm.201603182.
J. Muller et al., Ferroelectric hafnium oxide: a CMOS-compatible and highly scalable
approach to future ferroelectric memories, paper presented at the Technical Digest –
International Electron Devices Meeting, IEDM, 2013.
Y. Wei et al., Magnetic tunnel junctions based on ferroelectric Hf0.5Zr0.5O2 tunnel barriers, Phys. Rev. Appl 12, 031001 (2019).
C. C. Fan et al., Achieving high-scalability negative capacitance FETs with uniform Sub35 mV/dec switch using dopant-free hafnium oxide and gate strain, paper presented at the
Digest of Technical Papers – Symposium on VLSI Technology, 2018.
K. Florent et al., Understanding ferroelectric Al:HfO2 thin films with Si-based electrodes
for 3D applications, J. Appl. Phys 121 (20), 204103 (2017). DOI: 10.1063/1.4984068.
S. Oh et al., HfZrOx -based ferroelectric synapse device with 32 levels of conductance
states for neuromorphic applications, IEEE Electron Device Lett. 38 (6), 732 (2017). DOI:
10.1109/LED.2017.2698083.
J. M€
uller et al., Ferroelectricity in HfO 2 enables nonvolatile data storage in 28 nm HKMG,
paper presented at the Digest of Technical Papers – Symposium on VLSI Technology, 2012.
H. Mulaosmanovic et al., Novel ferroelectric FET based synapse for neuromorphic systems,
paper presented at the Digest of Technical Papers – Symposium on VLSI Technology, 2017.
J. M€
uller et al., Ferroelectric Zr0.5Hf0.5O2 thin films for nonvolatile memory applications,
Appl. Phys. Lett. 99 (11), 112901 (2011). DOI: 10.1063/1.3636417.
M. Dragoman et al., Very large phase shift of microwave signals in a 6 nm HfxZr1-xO2
Ferroelectric at ±3 V, Nanotechnology 28 (38), 38LT04 (2017). DOI: 10.1088/1361-6528/
aa8425.
P. Polakowski et al., Ferroelectric deep trench capacitors based on Al:HfO2 for 3D nonvolatile memory applications, presented at the IEEE 6th International Memory Workshop.
IMW 2014. 2014.
P. Li, I. W. Chen, and J. E. Penner-Hahn, X-ray-absorption studies of zirconia polymorphs. I. Characteristic local structures, Phys. Rev., B Condens. Matter 48 (14), 10063
(1993). DOI: 10.1103/physrevb.48.10063.

162

[19]
[20]
[21]

[22]

[23]
[24]
[25]
[26]
[27]

[28]

[29]
[30]
[31]
[32]
[33]
[34]

[35]

[36]

[37]

[38]

[39]

P. NUKALA ET AL.

B. C. H. Steele, Oxygen ion conductors and their technological applications, Mater. Sci.
Eng. B 13 (2), 79 (1992). DOI: 10.1016/0921-5107(92)90146-Z.
I. Birkby, and R. Stevens, Applications of zirconia ceramics, KEM. 122-124, 527 (1996).
DOI: 10.4028/www.scientific.net/KEM.122-124.527.
G. Sharma, S. V. Ushakov, and A. Navrotsky, Size driven thermodynamic crossovers in
phase stability in zirconia and hafnia, J. Am. Ceram. Soc. 101 (1), 31 (2018). DOI: 10.
1111/jace.15200.
Y. Sharma et al., Ferroelectricity in rare-earth modified Hafnia thin films deposited by
sequential pulsed laser deposition, ECS Solid State Lett. 4 (11), N13 (2015). DOI: 10.1149/
2.0031511ssl.
M. Hoffmann et al., Stabilizing the ferroelectric phase in doped hafnium oxide, J. Appl.
Phys 118 (7), 072006 (2015). DOI: 10.1063/1.4927805.
U. Schroeder et al., Impact of different dopants on the switching properties of ferroelectric
hafnium oxide. Jpn. J. Appl. Phys. 53 (8S1), 08LE02 (2014). DOI: 10.7567/JJAP.53.08LE02.
T. Shimizu et al., Growth of epitaxial orthorhombic YO1.5-substituted HfO2 thin film,
Appl. Phys. Lett. 107 (3), 032910 (2015). DOI: 10.1063/1.4927450.
J. S. Moya et al., Black color in partially stabilized zirconia, J. Am. Ceram. Soc. 71 (11),
C479 (1988). DOI: 10.1111/j.1151-2916.1988.tb07555.x.
S. U. Sharath et al., Control of switching modes and conductance quantization in oxygen
engineered HfOx based memristive devices, Adv. Funct. Mater. 27 (32), 1700432 (2017).
DOI: 10.1002/adfm.201700432.
C. J. Howard et al., Neutron diffraction studies of phase transformations between tetragonal and orthorhombic zirconia in magnesia-partially-stabilized zirconia, J. Am. Ceram.
Soc. 73 (10), 2828 (1990). DOI: 10.1111/j.1151-2916.1990.tb06682.x.
D. M. Adams et al., X-ray diffraction study of Hafnia under high pressure using synchrotron
radiation, J. Phys. Chem. Solids 52 (9), 1181 (1991). DOI: 10.1016/0022-3697(91)90052-2.
Y. Wei et al., A rhombohedral ferroelectric phase in epitaxially strained Hf0.5Zr0.5O2 thin
films, Nat. Mater. 17 (12), 1095 (2018). DOI: 10.1038/s41563-018-0196-0.
J. Lyu et al., Growth window of ferroelectric epitaxial Hf0.5Zr0.5O2 thin films, ACS Appl.
Electron. Mater. 1 (2), 220 (2019). DOI: 10.1021/acsaelm.8b00065.
S. Liu, and B. M. Hanrahan, Effects of growth orientations and epitaxial strains on phase
stability of HfO2 thin films, Phys. Rev. Mater. 3, 054404 (2019).
T. Shimizu et al., The demonstration of significant ferroelectricity in epitaxial Y-doped
HfO2 film, Sci. Rep. 6, 32931 (2016). DOI: 10.1038/srep32931.
J. Lyu et al., Enhanced ferroelectricity in epitaxial Hf0.5Zr0.5O2 thin films integrated with
Si(001) using SrTiO3 templates, Appl. Phys. Lett. 114 (22), 222901 (2019). DOI: 10.1063/1.
5096002.
H. Y. Yoong et al., Epitaxial ferroelectric Hf0.5Zr0.5O2 thin films and their implementations in memristors for brain-inspired computing, Adv. Funct. Mater. 28 (50), 1806037
(2018). DOI: 10.1002/adfm.201806037.
M. H. Park et al., The effects of crystallographic orientation and strain of thin
Hf0.5Zr0.5O2film on its ferroelectricity, Appl. Phys. Lett. 104 (7), 072901 (2014). DOI: 10.
1063/1.4866008.
J. Lyu et al., Epitaxial Integration on Si(001) of Ferroelectric Hf0.5Zr0.5O2 Capacitors with
High Retention and Endurance, ACS Appl. Mater. Interfaces 11 (6), 6224 (2019). DOI: 10.
1021/acsami.8b18762.
S. V. Barabash, Prediction of new metastable HfO2 phases: toward understanding ferroand antiferroelectric films, J. Comput. Electron. 16 (4), 1227 (2017). DOI: 10.1007/s10825017-1077-5.
R. Materlik, C. K€
unneth, and A. Kersch, The origin of ferroelectricity in Hf1-xZrxO2: a
computational investigation and a surface energy model, J. Appl. Phys. 117 (13), 134109
(2015). DOI: 10.1063/1.4916707.

FERROELECTRICS

[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]

163

C. Zacharaki et al., Very large remanent polarization in ferroelectric Hf1-xZrxO2 grown on
Ge substrates by plasma assisted atomic oxygen deposition, Appl. Phys. Lett. 114 (11),
112901 (2019). DOI: 10.1063/1.5090036.
J. M€
uller et al., Ferroelectricity in Simple Binary ZrO2 and HfO2, Nano Lett. 12 (8), 4318
(2012). DOI: 10.1021/nl302049k.
S. Starschich et al., Chemical solution deposition of ferroelectric hafnium oxide for future
lead free ferroelectric devices, ECS J. Solid State Sci. Technol. 4 (12), P419 (2015). DOI:
10.1149/2.0061512jss.
J. Bouaziz et al., Characterization of ferroelectric hafnium/zirconium oxide solid solutions
deposited by reactive magnetron sputtering, J. Vac. Sci. Technol. B 37 (2), 021203 (2019).
DOI: 10.1116/1.5060643.
Q. Luo et al., Composition-dependent ferroelectric properties in sputtered HfxZr1-xO2 thin
films, IEEE Electron Device Lett. 40 (4), 570 (2019). DOI: 10.1109/LED.2019.2902609.
J. Lyu et al., Robust ferroelectricity in epitaxial Hf1/2Zr1/2O2 thin films, Appl. Phys. Lett.
113 (8), 082902 (2018). DOI: 10.1063/1.5041715.
K. Katayama et al., Orientation control and domain structure analysis of {100}-oriented
epitaxial ferroelectric orthorhombic HfO2-based thin films, J. Appl. Phys. 119 (13), 134101
(2016). DOI: 10.1063/1.4945029.
L. Begon-Lours, Stabilization of phase-pure rhombohedral HfZrO4 by pulsed-laser deposition, Phys. Rev. Mater 4, 043401 (2020).
P. Nukala et al., Direct epitaxial growth of polar (1-x)HfO2-(x)ZrO2 thin-films on silicon,
ACS Appl. Electron. Mater. 1 (12), 2585 (2019). DOI: 10.1021/acsaelm.9b00585.
S. Estandia et al., Engineering ferroelectric Hf0.5Zr0.5O2 thin films by epitaxial stress, ACS
Appl. Electron. Mater. 1, 1449 (2019).
R. Ochrombel et al., Thermal expansion of EB-PVD yttria stabilized zirconia, J. Eur.
Ceram. Soc. 30 (12), 2491 (2010). DOI: 10.1016/j.jeurceramsoc.2010.05.008.
Data from Shinkosha products. https://www.shinkosha.com/english/product/epi_substrate/
epi_substrate_01/.
S. Estandıa et al., Domain matching epitaxy of ferroelectric Hf0.5Zr0.5O2 (111) on La2/3Sr1/3
MnO3 (001). Cryst. Growth Des. 20, 3801–3806 (2020).
A. Marthinsen et al., Coupling and competition between ferroelectricity, magnetism,
strain, and oxygen vacancies in AMnO3 perovskites, MRC. 6 (3), 182 (2016). DOI: 10.
1557/mrc.2016.30.
A. Herpers et al., Spectroscopic proof of the correlation between redox-state and chargecarrier transport at the interface of resistively switching Ti/PCMO devices, Adv. Mater.
Weinheim. 26 (17), 2730 (2014). DOI: 10.1002/adma.201304054.
B. Tian et al., Interfacial memristors in Al-LaNiO3 heterostructures, Phys. Chem. Chem.
Phys. 19 (26), 16960 (2017). DOI: 10.1039/c7cp02398g.
R. Yang et al., Stable bipolar resistance switching behaviour induced by a soft breakdown
process at the Al/La0.7Ca0.3MnO3 interface, J. Phys. D Appl. Phys. 42 (17), 175408 (2009).
DOI: 10.1088/0022-3727/42/17/175408.
K. Z. Rushchanskii, S. Bl€
ugel, and M. Lezaic, Ab initio phase diagrams of Hf-O, Zr-O and
Y-O: a comparative study, Faraday Discuss. 213, 321 (2019). DOI: 10.1039/c8fd00104a.
Q. Qiao et al., Direct observation of oxygen-vacancy-enhanced polarization in a SrTiO3buffered ferroelectric BaTiO3 film on GaAs, Appl. Phys. Lett. 107 (20), 201604 (2015).
DOI: 10.1063/1.4936159.
Y. M. Kim et al., Direct observation of ferroelectric field effect and vacancy-controlled
screening at the BiFeO3/LaxSr1-xMnO3 interface, Nat. Mater. 13 (11), 1019 (2014). DOI:
10.1038/nmat4058.
N. Shibata et al., Electric field imaging of single atoms, Nat. Commun. 8, 15631 (2017).
S. S. Cheema et al., Enhanced ferroelectricity in ultrathin films grown directly on silicon,
Nature 580 (7804), 478 (2020). DOI: 10.1038/s41586-020-2208-x.

