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Stabilization of the epitaxial rhombohedral ferroelectric phase in ZrO, by surface energy
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Doped HfO, and HfO,-ZrO, compounds are gaining significant interest thanks to their ferroelectric properties
in ultrathin films. Here, we show that ZrO, could be a playground for doping and strain engineering to increase
the thickness in epitaxial thin films. Based on surface-energy considerations supported by ab initio calculations,
we find that pure ZrO, exhibits a ferroelectric rhombohedral phase (r phase, with R3m space group) more stable

than for the HZO and pure HfO, cases. In particular, for a thickness up to 37 nm we experimentally evidence
a single (111)-oriented r phase in ZrO, films deposited on La,/3Sr;,3MnOs-buffered DyScO;(110) substrate.
The formation of this r phase is discussed and compared between HfO,, ZrO, and HZO, highlighting the role of

surface energy.

DOLI: 10.1103/PhysRevMaterials.6.074406

I. INTRODUCTION

Since the discovery of ferroelectricity in Si-doped hafnia in
2011 [1], hafnia-based thin films have been widely studied to
stabilize the ferroelectric phase, and many polar phases have
been suggested or experimentally proved. In polycrystalline
thin films, the orthorhombic phase Pbc2; is usually reported
[1,2]. Theoretically, two other polar phases were found for
HfO,, an orthorhombic Pnm2; [3,4] and a rhombohedral R3
[5]. The main problem observed in polar orthorhombic is the
necessity of a high number of applied electric-field cycles
(the so-called wake-up effect) to reach the ferroelectric state
[6-8]. Moreover, two other issues that are often encountered
in these polycrystalline films are the degradation of the ferro-
electricity with the increase of film thickness, with a vanishing
polarization above a thickness of about 20 nm [1,9,10], and
the coexistence of nonpolar phases such as monoclinic and
tetragonal phases with the polar one [11,12]. Indeed, HfO, as
well as ZrO, are well known for their structural and chemical
similarity [13], and both of them can adopt a wide variety
of crystal phases. In bulk form and at room temperature, the
stable phase is monoclinic (m phase, P2;/c). At high temper-
ature, tetragonal phase (¢ phase, P42/nmc) and cubic phase
(c phase, Fm3m) are observed for ZrO, and HfO, [14,15].
The noncentrosymmetric, ferroelectric orthorhombic Pbc2;
phase (o phase) can be obtained via transformation of the
t phase under stress [16—18], or under tensile strain [19]. On
the other hand, in 2018, Wei et al. [20] demonstrated the
rhombohedral symmetry with R3m space group (r phase) for
the first time in epitaxial Hf sZry 50, (HZO) thin films under
compressive strain on a Laj;3Sr;3MnO3; (LSMO)-buffered
SrTiO3(001) substrate (STO), and no wake-up effect was ob-
served. Strain engineering is thus investigated to stabilize this
r phase on different substrates, such as recently demonstrated
by Zheng et al. for HZO epitaxial films on ZnO [21].
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The influence of surface energy on phase stability has been
discussed in polycrystalline films through studies on grain
size. It was shown that optimizing the latter could stabilize
the orthorhombic Pbc2; ferroelectric phase in pure HfO, [22]
and ZrO, [23], and that inserting different interlayers allowed
the ferroelectricity to be maintained above 40-nm thickness in
HZO [24,25]. Concerning bulk ceramics and polycrystalline
films, it is known that for a grain diameter less than 30 nm, the
ZrO, adopts the ¢ phase [26,27], whereas the HfO, has a sim-
ilar size effect at around 5 nm [11,28]. From this perspective,
ZrO;-based epitaxial thin films are promising to increase both
film thickness and grain size, which are usually critical for
energy storage [29] and optical applications [30-32]. Master-
ing the surface-energy balance during growth is thus identified
as a critical issue to control the ferroelectric phases of hafnia
and zirconia compounds [33,34]. However, very few data are
available regarding actual surface energies of the polar and
nonpolar phases [35], and as far as we know no data concern-
ing surface energy were reported for the rhombohedral polar
phase.

The rhombohedral phase in ZrO, or partially stabilized
zirconia (PSZ) has been known for more than two decades.
Hasegawa [36] reported a rhombohedral phase in the abraded
surfaces of PSZ and fully stabilized zirconia powders; this
phase was only observed in the surface layer under some
stress, which can be introduced by polishing and grinding. It
was therefore postulated that the rhombohedral phase could
only exist in the presence of stress. Also, this rhombohedral
phase has been reported as an intermediate phase during cubic
and tetragonal-monoclinic transformation [37-39]. Neverthe-
less, in all these earlier studies, no electric properties were
reported. R3m and R3 rhombohedral phases were evidenced in
HZO epitaxial thin films [20,21,40], and recently, Silva et al.
[41] reported the same r phase in an 8-nm-thick ZrO, thin
film deposited on Nb-STO(111). While this polar r phase is
promising for numerous applications based on ultrathin films
[42-45], the issue of its poor thickness-dependent stability
is still present when increasing the thickness above 10 nm.
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In this picture, we will show that rhombohedral ZrO, films
are more stable at high thickness than HfO, and HZO ones,
and thus that ZrO,-rich compounds provide a playground for
strain engineering and doping schemes towards outstanding
ferroelectric properties.

In this work, we first compare with the support of ab initio
calculations the stability of the (111)-oriented rhombohedral
R3m phase between pure ZrO,, HZO, and pure HfO,. We then
study epitaxial ZrO,, HZO, and HfO, thin films grown by
pulsed laser deposition (PLD) on both (110)-oriented DyScO;
(DSO) and (001)-oriented STO substrates, with LSMO buffer.
Using x-ray diffraction (XRD), we evidence the presence of
the » phase in ZrO, thin films, up to about 40-nm thickness,
with a clear ferroelectric behavior without wake-up effect.

II. RESULTS AND DISCUSSION

We performed density-functional theory (DFT) calcula-
tions to investigate the (111)-oriented rhombohedral stability
by employing the QUANTUM ESPRESSO package [46] with
Perdew-Burke-Ernzerhof [47] generalized gradient approx-
imation (see Supplemental Material (SM) for more details
[48]). First, we ran our calculations for m-, t-, o-, and r phases
of ZrO,, HZO, and HfO,. The energies of these phases are
summarized in Table S1 with a comparison to literature data.
Our results agree with previous calculations using different
approaches and with the experimental results. For r-ZrO,;,
we obtained an energy of 140 meV/f.u. with respect to the
monoclinic energy, which is less than the 154 meV/f.u. found
for r-HfO,, in good agreement with Ref. [20]. In a second
step, the calculations for different surface orientations were
performed by constructing four-layer-thick slabs separated
by 15 A of vacuum (more details in SM. [48]). We note
that no bottom electrode was included in these calculations.
It is known that the surfaces on each side of a slab may
interact through long-range strain fields induced by ionic
relaxations [49]. This effect depends somewhat on surface
orientation and on the material; for metals, for example, the
interlayer relaxations typically fall below the experimental
threshold after three to four layers [50]. Orlando et al. [51]
showed the same average value in the case of t-ZrO;. Thus,
slabs of four layers were used for surface-energy calculations
(Fig. S2) with a 5 x 5 x 1 k-point sampling in the surface
Brillouin zone [52], and an energy cutoff of 60 Ry.

The surface energy in joule per square meter is given
in Table S2 and Fig. 1 for (111)-oriented m- and r phases
at different ratios of ZrO, in Hf,_,Zr,O, composition. The
r—(111) showed the lowest surface energy compared to all
other calculated surfaces of HfO,, ZrO,, and HZO. This is
in agreement with the fact that the (111) atomic planes of
the r phase appear more flat and dense than, e.g., the (-111)
m-phase ones (Fig. S2). As indicated in Fig. 1, (-111) m phase
increases in energy with increasing ZrO, content, while the
r-(111) surface energy decreases. This, in turn, increases the
energy gap between the m-(-111) and r-(111) surfaces, with
this gap achieving its maximum in pure ZrO,. Note that the
surface energy of m-(111) was also calculated and it showed a
value higher but close to that of m-(-111), in line with previous
calculations reported in Ref. [49].
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FIG. 1. Surface energy of m- and r phase of Hf, _,Zr, O, (x =0,
0.25, 0.50, 0.75, and 1) shown in black and red, respectively. The
thickness up to which Gibbs energy of the R3m phase is lower than
the one of the m phase is shown in blue.

In the literature, the role of the surface energy was not
systematically explored in HfO,-ZrO, epitaxial thin films,
especially regarding the stabilization of the rhombohedral
phase. In order to assess the relative stability of the m- and
r phases, taking into account the computed surface energies,
we use a simple thermodynamic argument based on the Gibbs
free energy [33], that was successfully applied to explain
the stability of the orthorhombic polar phase in atomic layer
deposited thin films [11,33]. Figure 1 shows (in blue) the
thickness up to which the Gibbs free energy of the r phase
is lower than the one of the m phase as a function of ZrO,
content in Hf;_,Zr,O,. This estimated maximum thickness
for the r phase was calculated with an in-plane compressive
strain of 1%, which is close to the estimated strain from our
experimental results as shown below. The stability window of
r-ZrO, is up to a thickness of 33 nm, while it is less than
4 nm in pure HfO,. For HZO, the rhombohedral phase is
stable up to a thickness of about 12 nm, in good agreement
with previous results that reported a 10-nm maximum thick-
ness in epitaxial HZO thin films [20]. The (111)-oriented
HfO, R3m phase was discussed elsewhere [53] and found
to be stable at a very low thickness (two layers) compared
to the (111)-orthorhombic and (111)-monoclinic. Thus, from
our calculations, pure ZrO, epitaxial thin films are expected
to be the most stable regarding the (111)-oriented R3m phase.
This makes ZrO,-based thin films very promising to stabilize
the rhombohedral polar phase at significantly higher thickness
than reported for HZO.

In order to test our findings experimentally, ZrO,, HfO,,
and HfysZrpsO, films were grown by PLD on LSMO-
buffered DSO and STO substrates. The ferroelectric nature
of ZrO, and HZO was characterized through Positive Up
Negative Down measurements on capacitor devices with Pt
top and LSMO bottom electrodes on DSO substrate (more
details are given in SM. [48]). In 14-nm-thick films, remanent
polarizations (2Pr) of 40 and 41.5 #C/cm? were measured
for HZO and ZrO,, respectively (Fig. S4). These results are
comparable to the previously reported values in epitaxial HZO

074406-2



STABILIZATION OF THE EPITAXIAL RHOMBOHEDRAL ... PHYSICAL REVIEW MATERIALS 6, 074406 (2022)

with the same range of thickness [20,54,55]. At 37-nm thick-
ness, a 2Pr of 22 ;C/cm? is measured for pure ZrO, [Fig.
S4(c)], hinting at a persistent ferroelectricity.

Structural analyses were performed by XRD with Pana-
Iytical X pert Pro diffractometer for out-of-plane 6—26 scans
(Fig. 2) and Rigaku SmartLab diffractometer equipped with
a rotating anode for in-plane measurements and pole figure
(Fig. 3). Figure 2 gives 626 patterns of HZO, HfO,, and
71O, films at a thickness of 14 nm. The highest peaks cor-
respond to the (110)-oriented orthorhombic DSO substrate.
At the right and close to the substrate peaks are the LSMO
peaks corresponding to (001) pseudocubic orientation. The
thickness of LSMO is about 25 nm, measured by x-ray reflec-
tivity. For 26 between 30.09 °-30.27 °, is found the (111) peak
of the HfO,, HZO, and ZrO, films. Note that the diffracted
peak around 30 ° is referred to the (111) orthorhombic Pbc2
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FIG. 2. Out-of-plane XRD 6-26 scans of HZO, HfO,, and ZrO;  3().5°) compared to epitaxial thin films [10]. Here, the (111)
films on LSMO-buffered 110-oriented DSO with thicknesses of 14 diffracted peak will be ascribed to the rhombohedral phase, as
nm. Inset figure shows 6-260 of ZrO, at different thicknesses, and demonstrated below through complementary XRD analyses.
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FIG. 3. (a) Pole figure around the (111) peak at 260 = 30.19° of a 14-nm-thick ZrO, film. The radial angle x varies between 0 ° and 90 °;
the azimuthal angle ¢ is in the 0 °-360 ° range. (b) 8 —26 scans of one r variant (red circles in pole figure) revealing a A(26) shift of 0.31°
between diffraction peaks corresponding to out-of-plane and 71 °-inclined {111} planes. (c¢) Out-of-plane d,;; and rhombohedral angle « at
various thicknesses. (d) In-plane 26 x /¢ scan along (—11 — 2) DSO in-plane azimuthal direction. (e) In-plane ¢ scan around 26 y = 50.54°.
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with higher intensity than r-(111); this peak corresponds to
(-111) m phase [56]. This m-(-111) peak decreases in intensity
in HZO film and disappears in pure ZrO; film. The inset of
Fig. 2 shows the XRD data of pure ZrO, films at different
thicknesses. The r phase in the film appears compressively
strained, as the (111) peak is shifted towards smaller angles
for the thinner films, indicating that the out-of-plane param-
eter is expanded compared to the relaxed one at 41 nm.
From this thickness-dependent shift, a compressive strain of
around 1% was extracted [48]. Additionally, a diffraction peak
at 34.6° attributed to the m-(020) plane is observed in the
41-nm-thick ZrO, film [56], while no monoclinic phase is
observed for thicknesses up to 37 nm. Noteworthy, an increase
in compressive strain higher than 1% could increase the thick-
ness of the pure r-ZrO, film much higher than 37 nm.

In line with our theoretical considerations, both our ex-
perimental composition and thickness series confirm that a
polar (111)-oriented phase remains stable at high thickness
upon increasing the ZrO, content in HfO,-ZrO, compounds,
allowing to reach a thickness close to 40 nm in pure ZrO; on
DSO substrate. We now present the additional XRD measure-
ments that unambiguously identify the rhombohedral phase
in our ZrO, thin films, as previously reported for HZO films
[20]. Note that due to the very low intensity of the r-phase
related peak in our pure HfO, films (Fig. 2, black), we could
not perform a similar analysis for them.

Figure 3(a) shows a pole figure for a 14-nm-thick ZrO,
film on DSO substrate measured at 26 = 30.19°; 12 radial
peaks were found, corresponding to four variants of ZrO,.
For one r-ZrO, variant, only three peaks are expected at a
radial angle x = 71° [48]. The three inclined planes diffract
at a different angle than the (111) plane (surface plane of the
thin film), which gives a multiplicity of 3:1, that is a feature
of rhombohedral symmetry. Figure 3(b) shows 626 scans for
{-111} planes family of one rhombohedral variant (selected in
red in pole figure) inclined relatively to the sample surface: A
clear shift between these peaks collected at y ~ 71° and the
one corresponding to the (111) plane parallel to the surface is
observed, confirming the rhombohedral symmetry [20]. The
shift between the central peak and the inclined ones is around
A(260) = 0.31°, and the same shift was observed for the other
variants (Fig. S5). Importantly, with d; the interplanar spac-
ing of (hkl) planes, the dj11—d;;—; difference depends on the
« angle of the rhombohedral phase. An angle @ = 89.40° was
reported in HZO thin film with a thickness of 5.9 nm [40],
and o = 89.5° in ZrO,-3% Y,03; powder [38], which gives
a A(20) between the r-(111) and r-{-111} planes of about
0.42 ° and 0.36 °, respectively. According to the shift observed
in Fig. 3(b), the estimated angle for 14-nm-thick pure ZrO,
r phase is o = 89.56° with lattice parameters a = b = c &
5.089 A. The values of « and of the corresponding out-of-
plane dj;; at different thicknesses of ZrO, films are reported
in Fig. 3(c). They exhibit a clear dependence on thickness,
characteristic of the relaxation of an in-plane compressively
strained » phase: The angle « increases toward 90 ° and d;;
decreases as the film thickness increases. This relaxation is
consistent with the decrease of polarization measured in ZrO,
films between 14- and 37-nm thickness (Fig. S4). Indeed,
compressive strain was shown to have a strong impact on the
ferroelectric properties of the r phase [20,40,53].

In order to get further insights into the epitaxial relation-
ships of ZrO, films on LSMO-buffered DSO and STO, and to
be more sensitive to the eventual presence of minority phases,
we performed a series of in-plane XRD measurements. These
in-plane measurements were done only for HZO (SM [48])
and pure ZrO, films; as in pure HfO,, the dominant phase
is monoclinic. First, we searched the (-11-2) plane of or-
thorhombic DSO (0-DSO) substrate that diffracts at around
20 = 32.09° (called 20 x in in-plane geometry) by rotating
the sample in plane along the ¢ angle [57]. That allows to fix
the offset between 20 x and ¢. Then, in-plane 26 x /¢ scans
were performed along the azimuthal substrate directions, as
given in Fig. 3(d). In addition to the substrate peaks, two other
peaks are present at 20 x = 50.54° and 20 x = 95.57°, which
correspond to the rhombohedral (20-2) and (22-4) planes,
respectively. As the (22-4) plane is rotated by 30 ° relative to
the (20-2) plane, in fact, from Fig. 3(d), two rhombohedral
variants rotated by 90 © against each other are observed [Fig.
S7(c)]. In order to determine the in-plane symmetry of the
ZrO, phase, we performed in-plane ¢ scans with the detector
fixed at 20 x = 50.54°. The ¢ scan is shown in Fig. 3(e),
revealing 12 peaks with a separation Ag = 30°, confirming
the sixfold symmetry (hexagonal notation) of ZrO; thin film.
The ¢ scan for 26 x = 95.57° and the substrate are given in
SM (Fig. S6), also indicating a sixfold symmetry of the peak
around 95.57 °. Similar results were obtained for HZO thin
film (Fig. S7 in SM. [48]). Finally, we note that no LSMO
peak was detected in the in-plane scans, neither on DSO nor
on STO substrate, in agreement with a fully strained LSMO
buffer layer [58].

Furthermore, growth of ZrO, and HZO films on STO
substrate was also tested and the same structural analyses as
discussed for DSO substrate were performed. Interestingly, a
tetragonal phase has been detected along the r phase by in-
plane measurements (Figs. S9 and S10). The in-plane lattice
parameters calculated from XRD for this phase are a = b =
5.088 10%, close to the value reported for the relaxed #-ZrO,
[59,60]. This ¢ phase was not observed on DSO substrate
neither in out-of-plane nor in in-plane XRD scans, even at the
highest studied thicknesses of ZrO, thin films (Fig. 2), hinting
at an effect of the different strain caused by DSO compared to
STO substrate on #-phase stability.

III. CONCLUSION

In conclusion, the rhombohedral phase in HfO,-ZrO,
compounds was systematically studied using first-principles
calculations and experiments. We evidenced the increasing
stability of (111)-oriented r phase with ZrO, content from
surface-energy considerations, and demonstrated experimen-
tally the stabilization of this pure rhombohedral phase in
a 37-nm-thick ZrO, thin film deposited on LSMO-buffered
DSO (110) substrate, with a remanent polarization 2P, of
about 22 1C/cm?. On STO (001) substrate, a relaxed tetrag-
onal phase was found to coexist with thombohedral phase in
HZO and pure ZrO, films. We believe that ZrO,-rich epitax-
ial thin films open routes in terms of strain engineering and
doping for optimized ferroelectric properties and thicknesses
higher than the ones reported in this work.
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