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ABSTRACT: Remnant polarization values of ferroelectric HfO2-based films depend on
proper control of the polar orthorhombic phase crystallization and the orientation of the
polar domains. Most of the best quality films reported so far are (111)-oriented. While the
largest polarization is expected in (001)-oriented films, with the polar axis out of the
plane, such orientation is far less common. This paper demonstrates that highly (001)/
(010)-oriented heterostructures of Sr:HfO2 on Pt(111)-buffered Si can be attained in
layered films deposited by a recently reported chemical solution deposition route. The
oriented films display the short c-axis out of plane, giving place to a longer a lattice in
plane. By tailoring the duration of rapid thermal processing, such oriented films produce
highly ferroelectric, leakage-free capacitors. After wake-up cycling, a remnant polarization
of 17 μC/cm2, which is the highest reported for this dopant and technique, was achieved.
Even though optimization is still needed to improve the electrical cyclability, our facile
approach produces high-k, highly oriented Sr:HfO2 films, through chemical deposition
and annealing, and shows that the crystal orientations and phase purity of HfO2-based films can be further optimized by cost-
effective chemical methods.
KEYWORDS: (001)-oriented HfO2, ferroelectric hafnium oxide, wake-up, phase transition, fatigue

■ INTRODUCTION
It is now well established that hafnium oxide (HfO2, hafnia) is
a suitable replacement for silicon oxide in silicon-based
transistors.1 The monoclinic phase of HfO2 is the most stable
crystal structure under standard conditions. However, higher
symmetry phases, like tetragonal and cubic, can be stabilized
under particular processing circumstances.2 Such phases
possess the highest dielectric constants (k) of HfO2 and are
desired for high-k applications. It was during experiments on
dielectric control of silicon-doped-hafnia that Böscke et al.
observed, for the first time, an unexpected ferroelectric
orthorhombic phase.3 A few years later, an exceptional
ferroelectric rhombohedral structure of Hf0.5Zr0.5O2 (HZO),4

grown epitaxially on La0.7Sr0.3MnO3 (LMSO), was reported by
Wei et al.5 More commonly, however, the orthorhombic
structure with space group Pca21 is deemed as the origin of the
remnant polarization (Pr) observed in most HfO2-based
ferroelectrics. Among various mechanisms, the stabilization
of polar hafnia can be achieved through crystallite size
reduction in very thin films (<10 nm) and by using dopants.6,7

In particular, the use of dopants brings about the formation of
oxygen vacancies, which, when well distributed through the
film, help to reduce the energy barrier between different HfO2
polymorphs.8 In addition, some research groups have either
proven or predicted that some elements are more prone to
induce strong ferroelectricity in hafnium oxide. So far, the most

promising doping elements for HfO2 are those of the
lanthanide series and those of the alkaline earth metal family,
namely, calcium, strontium, and barium (due to high Zr
substitution in Hf0.5Zr0.5O2, Zr is not considered a
dopant).9−11

Thin films grown by strictly controlled methods like pulsed
laser deposition (PLD) and atomic layer deposition (ALD)
have achieved some of the highest Pr values.

5,12 Usually, a high
volume ratio of the orthorhombic phase, compared to other
nonpolar phases, is pointed out as the reason for elevated
ferroelectricity in HfO2 films. Interestingly, most reports deal
with HfO2 films of a polycrystalline nature. ALD and PLD
methods can sometimes allow for the growth of polar HfO2
structures with a strong preferential orientation or even fully
textured.13−15 For example, a high remnant polarization of 27.5
μC/cm2 in La:HfO2 films deposited by ALD has been
explained by Schenk et al. to originate on a (001) fiber texture
of the orthorhombic phase, where the c-axis is the polar axis
and grows out of plane.9,12 This can vastly increase Pr by
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allowing effective application of the electric field in the
direction of polarization of the orthorhombic phase and also by
having the participation of a more significant number of
ferroelectric domains.16 It is therefore essential to achieve
phase control in HfO2 and reasonable texture control.

Chemical solution deposition (CSD) methods, which can be
regarded as more cost-effective, have been less successful at
controlling the orientation of HfO2-based ferroelectric films.
Frequently, due to high thickness-per-layer ratios, HfO2 films
made by CSD grow with a powder-like random distribution of
crystalline grains, thus displaying lower ferroelectric perform-
ances. Nonetheless, in 2021, Schenk et al. showed that liquid-
based methods can also produce HfO2 ferroelectrics with at
least some partial preferential orientation.17 Using a layer-by-
layer crystallization approach (with 5 nm thickness for each
layer), they were able to obtain thick La:HfO2 films (100 nm)
with a semipreferential orientation of the orthorhombic phase
along the (111) and (001) out-of-plane directions. As they
showed, the enhanced proportion of (001)-oriented crystallites
doubled the Pr compared to nonoptimized, polycrystalline
films. Despite these promising results, highly oriented HfO2
ferroelectric films fabricated by CSD that can compete with
ALD-deposited films are yet to be achieved.

Recently, we reported on a new low-toxicity chemical route
for easy fabrication of high-quality, low-leakage, ferroelectric-
doped HfO2 films.18 For the present study, we have employed
a similar approach to produce (001)-oriented Sr:HfO2 films of
40 nm on Pt-buffered SiO2/Si with remnant polarization values
as large as Pr of 17.3 μC/cm2 after wake-up. The obtained
polarization values are significantly higher than previously
reported in Sr:HfO2 by CSD.6,19−21 Larger polarization values
have been achieved by CSD only in the work of Starschich et
al. for Y:HfO2 with effective Pr = 20 μC/cm2.22 Yet, in the
present case, the films are synthesized by employing a flexible
CSD route using stable and less toxic precursors.18 We propose
that our facile chemical approach, along with the use of some
other promising dopants such as La and Y, could improve
remnant polarization values by controlling crystal orientations
in HfO2-based films and produce thick ferroelectric films that
are fully competitive with those deposited by other
techniques.23

■ EXPERIMENTAL DETAILS
Precursor Solution and Fabrication of Capacitors. A low-

toxicity, chemical route for the fabrication of doped HfO2 was
introduced recently by us.18 In contrast to other CSD existing
methods, our approach allows for the use of alcoholic solvents and
additives. The same route was employed to prepare a Sr:HfO2
precursor solution with a doping level of 7.5 at. % of Sr in HfO2.
Consistently, a similar concentration of 7.05 at. % was determined by
inductively coupled plasma (ICP) compositional measurements. The
targeted concentration of Sr = 7.5 at. % was decided based on the
maximum Pr found by Starschich and Boettger for Sr:HfO2 films.6 A
corresponding small amount of Sr 2,4-pentanedionate salt was
incorporated into a blend of isopropyl alcohol, lactic acid, and
triethylamine. Hf 2,4-pentanedionate was later added to the mixture.
Almost complete dissolution of the solid occurred at room
temperature. Still, to ensure an utterly homogeneous precursor, the
solution was brought to boil in a round flask with reflux for 4 h at a
maximum of 100 °C. The mixture was filtered two times with
Whatman filters of 0.2 μm pore size and stored in brown-tinted glass
containers, where it can remain stable for up to a year at room
temperature.

Thin films of Sr:HfO2 were deposited by spin-coating 10−20 μL of
precursor solution on Pt(111)/Ti/SiO2/Si substrates of 8 × 8 mm at

4000 rpm for 40 s. After coating, the substrate was put on a hot plate
for 5 min at 150 °C to evaporate the solvents. Then, it was moved to a
hot plate at 300 °C for another 5 min to allow the pyrolysis of the
precursors. Before the deposition of a new layer, the coatings were
exposed to UV/ozone cleaning for 5 min. Several films of three layers
each were prepared in this way. The resulting Sr:HfO2 samples were
divided into three groups and annealed at a temperature of 800 °C for
60, 90, or 120 s with a rapid thermal annealing (RTA) system. The
RTA equipment was own fabricated.18,24 A batch of 0.5 atm of Ar/O2
(1:1) was administered during the thermal processing. Metal−
insulator−metal (MIM) capacitors were completed by adding top Pt
electrodes to the Sr:HfO2 films. The top Pt was deposited by e-beam
evaporation on lithography-patterned Sr:HfO2. The thickness of the
top Pt was 60 nm, and the whole stack was heated at 100 °C for 5 min
to improve electrode adhesion.
Materials Characterization. A Rigaku SmartLab XE X-ray

diffractometer (XRD) was used for structural analysis. Specular θ−
2θ measurements were made in parallel-beam geometry, for which the
Si(004) reflection was used as an alignment reference. The same
system was also utilized for so-called grazing incidence (GI)-XRD
measurements (ω−2θ scans at fixed ω-incident grazing angles) at
various ω-angles. Furthermore, fully in-plane XRD measurements
(2θχ−φ) at a fixed ω-incident grazing angle of 0.5° were made to
calculate in-plane lattice parameters. Also, polar figures for (002) and
(111) planes of the cubic/tetragonal phase were collected by the
Schulz reflection method. The corresponding 2θ angles were fixed,
while α (angle away from the surface normal) and β (angle around
the surface normal) were scanned.25 To decrease noise coming from
continuous Bremsstrahlung radiation, the background was subtracted
by using the signal of a platinized silicon substrate without a HfO2
layer as a reference. For structural identification, ICDD PDF cards 00-
034-0104 (monoclinic HfO2), 04-002-0037 (cubic HfO2), 04-011-
8820 (tetragonal HfO2), and 04-005-5597 (orthorhombic HfO2)
were used. In addition, the thickness of the Sr:HfO2 full layer was
measured to be 40 nm by X-ray reflectivity. An aixACCT TF analyzer
2000 was used for ferroelectric and fatigue measurements. Sr:HfO2
films were measured in the pristine state via the top Pt electrode
(circular pads of 50, 75, or 100 μm radius), followed by wake-up
cycling and measurement at 1 kHz with the application of 103 to 104

bipolar rectangular pulses of 3.75 MV/cm in amplitude. Fatigue
testing after initial wake-up was made at frequencies 1, 10, 50, and 100
kHz under the same electrical load. Because of the good electrical
quality of the Sr:HfO2 microcapacitors, the dynamic hysteresis
measurement (DHM) protocol with triangular pulses was enough to
determine ferroelectric properties effectively. The same ferroelectric
testing system was used for capacitance−voltage measurements
(CVM). A small AC signal of 100 mV and 5 kHz was added to a
staircase DC signal with a maximum amplitude of ±10 V. To gather
reliable data, we used 500 steps and a relatively long integration time
(almost 2 min measurement for each CVM loop). Dielectric constants
were calculated from the assumption of a perfect parallel plate
capacitor.

■ RESULTS AND DISCUSSION
Highly Ferroelectric Sr:HfO2 Films by a Simple

Chemical Deposition Method. Sr:HfO2 capacitors of 100
μm in diameter were exposed to wake-up cycling with
rectangular pulses of 3.75 MV/cm at 1 kHz for either 104

(films annealed for 60 and 120 s) or 103 (films with 90 s of
annealing) cycles. Dynamic hysteresis measurements were
made right after with triangular pulses of 3.25 MV/cm. In
Figure 1a, polarization loops are presented for Sr:HfO2 films
annealed at 800 °C for 60, 90, or 120 s. Corresponding
transient current density loops, from which polarization loops
are built, are shown in Figure 1b. An average remnant
polarization (Pr) of 17.3 μC/cm2 is obtained with an annealing
time of 60 s. The ferroelectric loop is clearly saturated,
resulting from strong switching currents with coercive fields of
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−1.74 and +1.5 MV/cm, and provides evidence of negligible
leakage.26 An annealing time of 90 s produced a strongly
reduced remnant polarization for Sr:HfO2 of 5.5 μC/cm2, with
increased coercive fields of −2.0 and +1.85 MV/cm. A final
annealing time of 120 s for Sr:HfO2 gave almost no evidence of
switching currents, and thus, the sample behaves mainly as a
dielectric material. Therefore, as shown in the inset of Figure
1b, there is a strongly nonlinear increase of the polarization
with decreasing annealing times, and it is expected that larger
polarizations and smaller coercive fields can still be achieved at
shorter annealing times. In our previous work on 5 at. % Ca-
doped HfO2, the maximum remnant polarization was obtained
at 800 °C and 90 s of annealing.18 These annealing conditions
are also commonly reported for other CSD-derived HfO2 films
for similar and thicker thicknesses.6,17,22 For the present
Sr:HfO2 films with doping of 7.5 at. %, the lower time of 60 s
might be related to the difference in doping levels and smaller
thickness (54 vs 40 nm, respectively). It is also known,
however, that some dopants, like Sr, make HfO2 more sensitive
to heat treatment.27 Independently of the specific dopant,
these results show the key role of controlling the annealing
times for the stabilization of the polar phase of HfO2 (inset in
Figure 1b). Still, considering the role of the kind of dopant, we
believe that it is possible to improve the ferroelectric response
further by shortening the annealing times.

The maximum apparent Pr of 17.3 μC/cm2 of our sample
annealed for 60 s is already the highest remnant value reported
for Sr:HfO2 films fabricated by chemical solution deposi-
tion.6,19−21 Moreover, it is worth to point out that the

observed Pr can be overestimated if the hysteresis loop is
rounded by leakage.26 Therefore, when considering well-
saturated ferroelectric loops with low leakage (the “squareness”
of the loops) for HfO2-based films by CSD, our Sr:HfO2
samples have one of the highest Pr reported in the literature,
with only Y:HfO2 showing larger Pr = 20 μC/cm2.22 In the
sections ahead, we investigate our films further to obtain an
insight into the origin of this behavior.
Growth and Orientation of Crystalline Phases after

Rapid Thermal Annealing. Sr:HfO2 films deposited by our
precursor solution and pyrolyzed in air at 300 °C are
amorphous. Subsequently, they are crystallized by rapid
thermal annealing at 800 °C for 60, 90, or 120 s. Figure 2

shows out-of-plane X-ray diffraction measurements for a
limited 2θ range between 15 and 45°. A small angle offset
for the sample of ω = 3° with respect to the incident beam was
used to eliminate monocrystalline Si(100)-related reflections.
In the linear scale, the diffractogram has been augmented
around planes expected for HfO2. The intense reflection at
39.95° corresponds to Pt(111) on the Ti/SiO2/Si substrate. As
determined from full out-of-plane XRD measurements
(Supporting Information), Pt is highly oriented along the
(111) direction. The X-ray diffraction measurements were
made without a kβ filter. Thus, the relatively small reflection
found at 35.9° is due to the kβ reflection of Pt(111). Apart

Figure 1. (a) Ferroelectric polarization loop and (b) switching
current density response of Sr:HfO2 films annealed at 800 °C for 60
(blue), 90 (green), or 120 s (red), after wake-up cycling and
measurement at 1 kHz. Inset in (b) depicts the effect of annealing
time on positive remnant polarization. To achieve the maximum
ferroelectric response for each sample, the number of fatigue cycles
for films annealed for 60 and 120 s was 104, while they were 103 for
the sample annealed for 90 s.

Figure 2. Standard X-ray reflections for powdered HfO2 of
monoclinic, orthorhombic, cubic, and tetragonal phase (up). Out-
of-plane θ−2θ X-ray diffraction measurements (down) with an ω
angle of 3° for Sr:HfO2 samples annealed at 800 °C for (a) 60 (in
blue), (b) 90 (green), and (c) 120 s (red).
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from that, all other reflections to the left of Pt(111) correspond
to different crystalline structures of HfO2. For Sr:HfO2 films
annealed for 60 s, only (111)C of cubic (C-) or (111)T of
tetragonal (T-) is visible at 30.7° and at 35.4° {002} family
planes of cubic or (200)T of tetragonal are found. The
possibility of (002)T of tetragonal, which should appear slightly
before 35°, thus indicating a long out-of-plane c-axis (Table
1a), has been excluded. Because of the similarity in their

interplanar distances, a definitive identification of cubic or
tetragonal phases is rather complicated. Moreover, the polar
orthorhombic (O-) phase of HfO2 also shares comparable
interplanar distances, thus overlapping with some reflections of
the cubic and tetragonal phases. However, the lack of (100)O
and (110)O planes at around 17 and 24° in Figure 2a (blue),
possibly rules out (or indicates in small amounts) the presence
of an O-structure.12 The most striking feature is that a high
preferential out-of-plane orientation is observed for HfO2
along the [001]C direction of the C-phase or the [100]T
direction of the T-phase. In polycrystalline HfO2, the (111)C/
(111)T reflection of the C-/T-phase is by far the most intense.
Even though the (111)C/(111)T plane is also observed in
Figure 2a at ≈30.7°, it is weak compared to the other
reflections. This suggests a preferential (001)C/(100)T
orientation of the films. Nevertheless, there is also still a
small fraction of randomly oriented grains.

Further confirmation of growth in a preferential orientation
comes from the phase transformation to the M-HfO2 phase at
longer annealing times. In Figure 2b (green), a few more
reflections appear for the annealing of Sr:HfO2 at 800 °C for
90 s. Although low in intensity, the planes appearing at 17.5
and 30.3° can be identified as the (100)M and (−111)M

reflections of the M-phase of HfO2. Interestingly, the reflection
at 34.7° can be assigned to the (002/020) planes of the M-
phase with high orientation. For an even longer annealing time
of 120 s (Figure 2c in red), the (100)M and (−111)M
reflections become stronger. Remarkably, the (002/020)M
reflection of the monoclinic phase becomes predominant at
120 s of annealing, evidencing also a highly preferential
orientation out of plane. In addition, the phase transformation
from the (001)C/(100)T-oriented C-/T- to M-phase with
annealing time gives rise almost exclusively to a (001/010)
orientation of the M-phase. A slight increase of the (200)
reflection of the M-phase at 36° is also observed, but it is not
possible to separate it from the kβ of Pt(111).

Additional evidence of preferential orientation was obtained
with GI-XRD. For this, 2θ intensity was collected, while the
fixed incident angle (ω) was varied in different scans from 0.55
to 10°. While specular reflections show the grains with atomic
planes oriented parallel to those of the substrate, GI-XRD
shows those grains that have atomic planes oriented differently
from those of the substrate. Since this is the common situation
in polycrystalline HfO2 thin films, this geometry is the one
commonly reported in the literature. For a Sr:HfO2 sample
annealed for 60 s, Figure 3a shows the characteristic reflections
of the C- and/or T-phase at ω = 0.55°. Nevertheless, a
reflection at 60.4°, corresponding to {113}C,T, can be seen with
an abnormally higher intensity than expected for randomly
oriented HfO2 crystals. Although we did not elaborate further
in our previous work, this was also found for Ca:HfO2 films.18

The reflection at 60.4° becomes more intense as ω increases to
3 and 5°, but it is reduced sharply for higher angles. This
indicates a preferential orientation at an inclination away from
the surface in the normal direction. Interestingly, the (002)C/
(200)T reflection is weak at ω = 0.55°, but it increases above
the intensity of the (111)C/(111)T reflection for higher values
of ω (going from semi-in-plane to semi-out-of-plane measure-
ment geometry). As shown before in Figure 2a, the (002)C/
(200)T reflection is predominant, meaning a highly preferred
(001)C/(100)T orientation out of plane.9 The analysis also
holds true for a pristine O-phase with (001)/(010) orientation,
which shares diffraction positions with C- and T-phases. In the
ferroelectric O-phase, the polar axis is along c; yet, the longest
lattice parameter in the unit cell is a and the b lattice parameter
is the shortest in the cell (a = 5.23 Å, b = 5.04 Å, and c = 5.06
Å).31 Nevertheless, it is difficult to unequivocally establish the
presence of the polar O-phase. This because the (100)O and
(110)O reflections do not clearly appear for the Sr:HfO2 film
with 60 s of annealing at 800 °C. They appear, however, for
longer annealing times, where the complexity of analysis
increases due to the growth of the M-phase. Unfortunately, the
M-phase shares the (100)M, (110)M, and several other
refraction planes with the O-phase, and thus, it is not possible
to resolve them easily. Still, GI-XRD measurements also
confirm that a preferential orientation is maintained and that
the oriented M-phase grows from the oriented C-/T-/O-phase.
For ease of analysis, even though the O-phase might be mixed
with C-/T-/M-phases in pristine Sr:HfO2 samples, in our
coming discussion, we will mainly refer to C-/T-/M-phases
before wake-up cycling only.

As can be seen in Figure 3b, for 90 s of annealing, a mixture
of diffracting planes for C-/T- and M-phases at ω = 0.55° is
found. Yet again, the trend for (002)C/(200)T is to increase in
intensity above that of (111)C/(111)T as ω rises. Due to the
growth of the M-phase, the corresponding reflection of C-/T-

Table 1. (a) Literature-Based Lattice Parameters for HfO2
Polymorphs, (b) Estimated Out-of-Plane, and (c) Estimated
In-Plane Lattice Spacings of Sr:HfO2 Films Obtained at
Various Annealing Times at 800 °Ca

(a) crystal system

a (Å) b (Å) c (Å)

cubic28 5.08
tetragonal29 5.06 5.20
monoclinic30 5.07 5.14 5.29
polar orthorhombic31 5.22 5.02 5.04

(b) out-of-plane lattice parameters

annealing time (s) a (Å) C-/T- b (Å) M- c (Å) M-

60 5.07
90 5.07 5.16 5.23
120 5.08 5.16 5.23

(c) in-plane lattice parameters

annealing time (s) a or c (Å) C-/T- b (Å) M- c (Å) M-

60 5.15
90 5.09 5.22 5.29
120 5.09 5.23 5.30

aC-, T-, and M- stand for cubic, tetragonal, and monoclinic phase.
Underlined values indicate the preferred axis in either the out-of-plane
or in-plane configuration. Due to the mixture of C-/T- and M-phases
for samples annealed for 90 and 120 s, a of C-/T-phase and b and c of
M-phase were calculated from geometrical considerations. In most
cases, interplanar distances of {200} planes were multiplied by two.
However, for c of M-phase, an angle of 99.3° was considered between
c and the ab plane. From the in-plane configuration, a/c of C-/T-
phase and b and c of M-phase were also estimated.
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phase HfO2 observed at 35.4° is accompanied by another
reflection at 34.7°. Such a reflection has already been ascribed
to (002/020)M. This reflection shows the same directional
behavior as the respective (002)C/(200)T, indicating preferred
(001/010)M orientation out of plane. Further support of the
hypothesis is the preference of the (100)M reflection (2θ =
17°) at low ω angles, which suggests a (100)M orientation in
plane. This is, thus, another evidence that the oriented M-
phase is growing from highly oriented C-/T-phase. Calculation
of the interplanar distances gives a value of 2.536 Å for
(002)C/(200)T and 2.580 Å for (002/020)M. Therefore,
during annealing, the transformation of C-/T- to M-phase
gives rise mainly to an out-of-plane expansion. Yet, due to the
increase in the length of both b and c of the M-phase, an in-
plane expansion of the cell, which can produce some degree of
in-plane strain, is also expected (Table 1b). Accordingly, we
also measured our Sr:HfO2 films in a fully in-plane
configuration.

In Figure 4, in-plane XRD measurements show semi-
randomly oriented Sr:HfO2 films. This is in comparison to
out-of-plane analysis of Figure 2, more reflections appear (as in
polycrystalline films); nonetheless, abnormal intensities of
various reflections confirm semipreferential orientations in
plane. Figure 4a shows (200)C/(002)T and {220}C,T reflections
of Sr:HfO2, with 60 s of annealing, at around 35 and 50° in a
semipreferred in-plane orientation, respectively. Yet, evidence
of (111)C/(111)T near 30° is also found, which is due to a
fraction of the crystallites following a random orientation (also
observed in Figure 2). For Sr:HfO2 films annealed for 90 and
120 s (Figure 4b,c), an obvious separation of reflections near
35° support the growth of the M-phase with (002)M and
(200)M semipreferential orientation. It must be considered,
however, that mixtures with (200)C/(002)T are most likely, as
suggested by the presence of (111)C/(111)T in Figure 4b,c. An
analogous conclusion was supported by out-of-plane and GI-

XRD measurements (we further verified it with composition
estimations). We also performed calculations of in-plane lattice
parameters, which are shown in Table 1c. Our hypothesis of
in-plane strain was confirmed by the presence of longer
interplanar distances in plane compared to out of plane.
Interestingly, for Sr:HfO2 annealed for 60 s, the estimated a/c
lattice parameter of C-/T-phase is 5.15 Å. Such a value is larger
than out-of-plane a of C-phase but lower than c of T-phase as
reported in the literature (Table 1c,a, respectively). Certainly,
the longer in-plane interplanar distance provides evidence of a
strained cell. However, the peaks are narrow, which is more
indicative of cubic-HfO2. Expectedly, the tetragonal phase
should produce a division of peaks or wider ones. According to
theoretical calculations by Yuan et al., the cubic phase of HfO2
is dynamically unstable at room temperature and it can lead to
a cubic-to-tetragonal phase transition.32 Thus, we believe that
our Sr:HfO2 films annealed for 60 s might be crystallized into a
mixture of biaxially strained T-phase and tetragonally distorted
C-phase structures. In a later section, we support this idea with
dielectric constant measurements.

In the case of Sr:HfO2 films annealed at 800 °C for 90 and
120 s, the separation of peaks around 35° becomes evident.
Estimation of in-plane lattice parameters yields a short a = 5.09
Å and a long axis of 5.22 Å (5.30 Å if c of M- is considered).
These lattice values are more comparable to either the T- or
the M-phase with a short a and long c preferred in plane, but
still, a mixture of C-/T-/M-phase is likely present. The results
show that regardless of the crystalline phase, our Sr:HfO2 films
can accommodate both a short axis and a longer axis in plane.
The long axis can correspond to the c-oriented T-phase and/or
the b-/c-oriented M-phase. According to theoretical and
experimental studies, such a phenomenon might occur when
an in-plane tensile stress is produced on the films by the
substrate.9,33 Therefore, the transformation of (001)C/(100)T
to (002/020)M could be due to some form of tensile in-plane

Figure 3. Grazing incidence X-ray diffraction measurements at increasing ω angles for Sr:HfO2 samples annealed at 800 °C for (a) 60, (b) 90, and
(c) 120 s. Standard powder XRD reflections of various HfO2 polymorphs are added on top for comparison; O-HfO2 accounts for the orthorhombic
phase.
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strain between our Sr:HfO2 film and the bottom Pt(111) layer,
which develops at some point during fabrication and/or
thermal processing. This orientation arrangement allows for
the longer b/c-axis of the monoclinic phase to expand mainly
out of plane during annealing.

Interestingly, X-ray measurements at different rotation
angles around the surface normal produced the same
reflections. This invariance suggested that our films display a
fiber texture with a strong (001)C/(100)T preferential
orientation out of plane (for 60 s of annealing) but a
semirandom orientation in plane. This can be visualized as
transversally structured columns with a unique orientation
parallel to the surface normal but largely varying orientations
perpendicular to the surface normal. We were able to
experimentally verify the fiber texture by realizing polar figure
measurements for the sample with 60 s of annealing. The
results on fixing θ−2θ at 35.1° (for (002)C/(200)T) whereas
tilting Ψ (α in polar figures) away from the normal surface
while rotating the sample in φ (β in polar figures) from 0 to
360° are displayed in Figure 5a.9 The observation of an intense
diffraction dot at α = 0° (Ψ = 0°) can be regarded as
orientation confirmation of the (001)C/(100)T preferential
crystallization out of plane. Further proof of the fiber texture

was obtained by scanning for (111)C/(111)T at fixed θ−2θ =
30.2° (Figure 5b). The intense Debye ring occurring at α =
55° is a further ratification of the (001)C/(100)T orientation
out of plane but also a corroboration of an in-plane
semirandom (111)C/(111)T orientation.9 Taking advantage
of the polar measurement configuration, we performed
asymmetrical θ−2θ measurements at Ψ = 55° (α = 55°
away from the surface normal).9 At such a position, the {111}
family of planes of either M- or C-/T-phases should appear
with enough resolution, for an oriented film, to confirm the
proportional presence of low-symmetry (M-) or high-
symmetry (C-/T-) structures. As observed in corresponding
Figure 5c, an evident C-/T- to M-phase transformation is
observed as the annealing time is increased. This is deduced
from the decrease in (111)C,T intensity while the (11−1)M and
(111)M increase with annealing time. The lack of {002}
reflections at around 2θ = 35° when Ψ = 55° is yet another
proof of the preferential orientation of the films. A rough
estimation of the composition of C-/T-phase in M-phase from
Figure 5c was made by following the approximation of
Nakayama et al. for {111} family of planes.34 Compositions of
100, 55, and 26% of high symmetry oriented-C-/T-phases were
calculated for Sr:HfO2 films annealed at 800 °C for 60, 90, and
120 s, respectively. The same approximation was used to
calculate the composition of the randomly oriented fraction
from GI-XRD measurements (Figure 3) at ω = 0.55° (the
{111} family of planes is less affected by orientation at such a
low angle). Values of 100, 52, and 22% of C-/T-phase
composition were found for 60, 90, and 120 s of annealing,
respectively. The similarity in composition of the oriented and
polycrystalline phases is consistent. It is expected, however,
that the C-/T-phase-oriented fraction would benefit more from
wake-up cycling. In our Sr:HfO2 films, composed of three

Figure 4. Standard X-ray reflections for powdered HfO2 of
monoclinic, cubic, and tetragonal phase (up). Fully in-plane θ−2θ
X-ray diffraction measurements (down) with a grazing ω angle of 0.5°
for Sr:HfO2 samples annealed at 800 °C for (a) 60, (b) 90, and (c)
120 s. For simplicity, pink dots of the cubic phase are used to also
denote diffraction planes of the tetragonal structure.

Figure 5. Polar figures for (a) (002)C/(200)T and (b) (111)C/(111)T
reflections of a Sr:HfO2 film annealed for 60 s at 800 °C. (c)
Asymmetrical θ−2θ X-ray diffraction measurements at Ψ = 55° for
Sr:HfO2 films annealed for 60 (blue line), 90 (green), and 120 s (red)
at 800 °C.
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layers each, the newly deposited layers seem to follow the
orientation of the layers below. It seems that the orientation of
the films is pre-established during the pyrolysis process at 300
°C and largely enhanced during the rapid thermal annealing at
800 °C. In addition, even though we found evidence of a small
fraction of randomly oriented HfO2 crystals, the films are
evidently highly (001)C/(100)T oriented out of plane. It is also
known, however, that next to phase transformation,
reorientation in HfO2 can take place depending on processing
conditions during fabrication, annealing, and even electrical
cycling.14 This will be further investigated in a latter section.
Strong Ferroelectric Wake-Up in (001)C/(100)T Ori-

ented Sr:HfO2. As is common in HfO2-based films, the
ferroelectric behavior usually develops or increases after the
application of wake-up electrical cycling. This has been
attributed to different factors, such as redistribution of oxygen
vacancies, depinning of domains, and phase transformation to
increase the volume ratio of polar orthorhombic structure.35 As
stated in the Experimental Details section, the Sr:HfO2 films in
this paper were woken up by rectangular pulses of 3.75 MV/
cm at 1 kHz. The electrical cycling was maintained until
ferroelectric fatigue took place. The films presented a degree of
wake-up and fatigue that depended on the annealing time.
Figure 6 displays the result of continuously applying electrical
pulses at a frequency of 1 kHz. Initially, a pinched hysteresis
loop is observed for the (001)C/(100)T-oriented Sr:HfO2 film
annealed at 800 °C for 60 s (Figure 6a). However, an intense
wake-up effect is produced immediately upon application of
the electrical pulses.36 The ferroelectric response is maintained
for a while, but the polarization loop eventually closes. In the
end, only the polarization response typical of a dielectric
material remains. These observations are even more apparent
in the transient current density loops of the corresponding
Figure 6d. Strong switching peaks are found right after wake-

up cycling. Initially, the coercive fields are −1.74 and +1.5
MV/cm. Nevertheless, along with a decrease in switching
currents, the coercive fields increase with continued electrical
load. Additionally, despite the loss of ferroelectric response, no
significant signs of leakage increase are detected.26 This
contrasts our previous work on Ca:HfO2, where prolonged
wake-up caused increased leakage for a thicker film of 54 nm.
However, the first effects of fatigue appeared for a higher
number of cycles in the Ca-doped films.18

Despite the loss of ferroelectric response already at 5 × 105

cycles for the Sr:HfO2 films, their high remnant polarization
and their good dielectric quality make it possible to study and
distinguish the mechanisms giving origin to wake-up and
fatigue. As discussed previously, the wake-up achieved for a
(001)C/(100)T-oriented Sr:HfO2 film annealed for 90 s at 800
°C was limited (Figure 6b). In this case, the ferroelectric
response was lost even earlier, yet with no evidence of a
leakage increase (Figure 6e). However, the coercive fields
remained almost constant at −2.0 and +1.85 MV/cm. For the
(001/010)M-oriented Sr:HfO2 film annealed for 120 s, the
wake-up cycling had a minimal effect, and almost only
dielectric behavior, with negligible leakage, was observed.

Now, we aim to relate the ferroelectric behavior of Figure 6
to the microstructural nature of the Sr:HfO2 films observed in
Figures 2 and 3. First, our results show that the ferroelectric
phase, likely O-Pca21, might be initially present in pristine
samples or produced/enhanced during wake-up cycling.
Second, the extent of the ferroelectric behavior is related to
the phase fraction that can acquire the polar O-phase structure.
And third, the preferential orientation component also plays a
role.9,14 Commonly, the O-phase is reported to originate from
a tetragonal-to-orthorhombic transformation.31,32,37 Never-
theless, evidence of at least a partial transition from C- to O-
phase has also been described in the literature, which has been

Figure 6. Field cycling behavior of polarization and transient current density loops from Sr:HfO2 films annealed at 800 °C for 60 (a,d), 90 (b,e),
and 120 s (c,f). Measurements were made under a fatigue load of 3.75 MV/cm at 1 kHz. Note that, for better observation, the y-scales are different
for each image.
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explained based on a redistribution of oxygen vacancies within
the layers and instability of the cubic phase that transitions into
the tetragonal phase.12,32,36

Considering the interplanar out-of-plane distances in our
samples annealed for 60 s, a corresponding cubic or tetragonal
out-of-plane lattice parameter is 5.07 Å (Table 1b). The
calculated value indicates that the short c/b axis of the polar O-
phase could be achieved in our films through a phase
transformation.15 Therefore, (001)O and (010)O orientations
out of plane would be attained. Nevertheless, as the (010)O b-
axis is perpendicular to the ferroelectric polarization, only the
(001)O-oriented grains of the O-phase would contribute to the
ferroelectric switching response.31 For our films, with a Pr of 17
μC/cm2, in-plane tensile stress (forcing the long a-axis of O-
in-plane) plays a role. Therefore, assuming a complete
transformation to O-phase with the grains oriented with either
c or b-axis out of plane (50% each), the maximum attainable Pr
would be 28.5 μC/cm2 (half of the theoretical value of 57 μC/
cm2).9 The achievable value is considerably higher than our
experimental one. Yet, various other considerations that
decrease the Pr need to be contemplated, such as
contamination with amorphous fractions and small-nuclei M-
phase, random orientation of a portion of the grains (as indeed
determined for our films), tilting of crystals away from the out-
of-plane direction, the incomplete phase transformation from
C-/T- to O-phase, and pinning of domains by defects.12,38 For
our remaining samples with annealing at 90 and 120 s, the
lattice parameter out of plane increases to 5.16 Å (if the b-axis
of M-phase is considered), which is no longer compatible with
the short b- or c-axis of the O-phase. Both b and c of the M-
phase unit cell are bigger than a and c of C- and T-unit cells
(Table 1a), so if the transformation to b or c of M-phase
occurs, it will cause increase of the cell volume.31 The
expansion also triggers in-plane stress because either b- or c-
axis of M-phase grows perpendicularly to the film’s normal,
with some stress released upward. This release mechanism
could explain why the b-oriented and c-oriented directions of
M-phase are preferred out of plane, instead of shorter a. We
also observed, as generally reported in the literature, that once
a stable M-phase is attained, it cannot be transformed back into
a polar O-phase by simple means.
Ferroelectric Fatigue in Sr:HfO2 Films. To evaluate the

electrical response and endurance of our Sr:HfO2 films, fatigue
testing with rectangular pulses of 3.75 MV/cm was made at
different frequencies (Figure 7). For all frequencies above 1
kHz, ferroelectric wake-up was first performed at 1 kHz for 103

cycles. As evidenced in Figure 7a for Sr:HfO2 annealed for 60
s, the endurance was higher for higher frequencies. Some other
reports have shown that sustained high fields lead to faster
fatigue.39 Despite using 100 kHz, the ferroelectric endurance of
our Sr:HfO2 films was limited to less than 106 cycles.
Interestingly, the electrical tests produced a loss of ferroelectric
response but not an increase in leakage (evidenced as an
artificial increase in Pr after ferroelectric fatigue).18 The fatigue
occurred sooner for an Sr:HfO2 film annealed for 90 s (Figure
7b). Surprisingly, even if no signs of leakage were found during
electrical cycling, all tested electrodes suffered from sudden
hard breakdown for the sample annealed for 90 s. The
breakdown was observed as burnt and broken electrodes. Such
failure happened faster for lower frequencies, indicating that
these devices were more sensitive to Joule heating. It was
shown from Figure 5c that an almost 50/50 mixture of C-/T-
and M-phases is present in films for this annealing time. All

such phases have vastly different dielectric constants, and the
mixture might result in an electrically inhomogeneous system
with intense local fields, as observed by Schenk et al.9 This is
consistent with the behavior of a Sr:HfO2 film annealed for 120
s (Figure 7c), which showed negligible ferroelectric wake-up
but sustained the electric load with less evidence of sudden
hard breakdown. For such a film, the M-phase was found to be
most prominent (74%). In this case, nevertheless, a more
common increase of leakage during wake-up cycling was finally
observed, which might be related to the chemical and
structural properties of the M-phase of HfO2 when subject
to continuous loads.

The most important result of wake-up and fatigue testing for
our films is that the ferroelectric response of Sr:HfO2 films
annealed for 60 s was high initially, but it was lost relatively fast
(<106 cycles). Yet, dielectric fatigue (leakage) was not found.
Nevertheless, the conditions during prolonged electrical load
favored the loss of the ferroelectric response, while maintaining
a good insulating quality. A similar fatigue behavior of Sr:HfO2
films (10 nm), but with higher endurance (>108 cycles) and Pr
of 23 μC/cm2, was reported by Schenk et al. for ALD-
deposited films on TiN.40 In the following section, we
investigate the origin of the rapid fatigue of Sr:HfO2.
Continuous Phase Transformation during Ferro-

electric Operation. Capacitance−voltage measurements
(CVM) were performed on a Sr:HfO2 film annealed for 60 s
to study the phenomena that gave rise to ferroelectric fatigue

Figure 7. Fatigue behavior at different frequencies for Sr:HfO2 films
annealed for (a) 60, (b) 90, and (c) 120 s. The electrical load was
3.75 MV/cm. Note that the y-scale for (b,c) is smaller for ease of
observation.
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during wake-up cycling. The relative dielectric constant (εr)
was calculated by assuming a perfect parallel-plate capacitor.
To avoid a cumulative effect of fatigue induced by long DC
testing on a singularly tested electrode,39 several individual
electrodes of 200 μm diameter were instead woken up at 5 kHz
and 3.25 MV/cm, fatigued for 5 × 103, 104, 105, or 106 cycles,
before being subjected to CVM. The maximum field strength
during CVM testing was 2.5 MV/cm. The dielectric constant
behavior extracted from these measurements on a pristine
electrode, in Figure 8a, shows an almost closed loop with an εr

value around 30.5. This high value indicates a high-symmetry
phase for HfO2, which should be cubic or tetragonal, in
agreement with the XRD analysis. Remarkably, the reported
values of εr for T-HfO2 are above 45;31,33 thus, the observed
reduced value points out to a mixture of C-, T-, and O-phases
in pristine Sr:HfO2 films which, after wake-up for 1 × 104

cycles, develops the characteristic loop of ferroelectric HfO2
with an εr = 28.8 at 0 bias.

The ferroelectric wake-up with a slight drop in dielectric
constant is likely due to conversion of a larger number of
crystallites to the polar O-phase.31,33 However, a further
decrease of εr is found for an increasing number of fatigue
cycles (1 × 105). In addition, the shape of the characteristic
ferroelectric loop becomes flatter until it is almost lost at 1 ×
106 cycles. This indicates the loss of the ferroelectric response
of Sr:HfO2. In Figure 8b, also the change in the value of εr with
fatigue cycling is depicted. Evidently, the Sr:HfO2 film’s
dielectric constant decreases with repetitive electrical measure-

ments, eventually reaching 21.2, which is around the value
reported for the M-phase of HfO2.

31 In the work of Schenk et
al., measured εr values of 32, 28, and 20 were assigned to C-,
O-, and M-phases, respectively.9 Unlike us, they found such
values in La:HfO2 films under decreasing doping concen-
trations of La, which produced increasing amounts of the M-
phase. Thus, it makes sense that the ferroelectric wake-up and
fatigue observed in our Sr:HfO2 films is due to a phase
transformation from (001)C/(100)T through polar (001)/
(010)O, reaching (001)/(010)M oriented phases out of plane.38

According to Materlik et al., this can be due to the loss of
stability of the polar phase because of the formation of
compensated defects during fatigue testing.41

The phenomena of phase transformation in hafnia during
prolonged electrical load has already been studied and
discussed in the literature.42 Nevertheless, depending on
processing conditions and particularly on the chemistry of
the electrodes, different effects are observed. Most commonly,
a T- to polar O-phase conversion is reported,31,43,44 which
produces sharp decreases in εr during wake-up.37 However,
conversion of M- to polar O-phase due to the presence and
redistribution of oxygen vacancies has also been evidenced for
HfO2 on TiN,36,45 thus causing a moderate increase of εr. Due
to M- and O-phase being close in volume and energy,
interconversion from one to another is possible under the right
oxygen vacancy conditions.31,36,38,43,46 Yet, transformation
from T-/O- to M-phase during wake-up cycling, accompanied
by a concurrent decrease of Pr, was also observed by Fields et
al. This was corroborated by X-ray and electrical permittivity
studies.37 Remarkably, this detrimental phenomenon is present
strongly in MIM capacitors made with Pt but to a much
smaller degree in HfO2 films capped with TaN or W
electrodes. A frequent explanation for this relates to the
accumulation of oxygen vacancies at interfaces. These cannot
be exchanged with the Pt, thus losing the stabilizing effect
provided by the oxygen vacancies to O-HfO2.

37,47 There is
thus a component due to the chemistry of the interface. Apart
from stabilization of the O-phase, the top electrode also
provides contention of volume expansion, which helps to avoid
undesirable phase transformation from polar O- to nonpolar
M-phase. Because of this, films are typically annealed with
predeposited top electrodes.33,45 At this point, it is essential to
emphasize that our Sr:HfO2 films are annealed without top
electrodes. The top Pt contacts are deposited after annealing,
and they are heated to at most 100 °C for a few minutes to
improve adhesion. Therefore, it would be possible that higher
endurance can be achieved by thermally processing the whole
MIM stack together or replacing the material of the contacts.
Work is ongoing to test if the HfO2 films would also grow with
the preferential (001) orientation.

■ CONCLUSIONS
We have used a simple and effective chemical solution
deposition (CSD) approach to produce Sr (7.5 at. %):HfO2
films with a record-high Pr of 17.3 μm/cm2 for this dopant
with this synthesis method and negligible leakage current. The
strong ferroelectric wake-up was attained for films that
originated from (001)/(100)-oriented cubic/tetragonal
Sr:HfO2 and were then annealed for 60 s at 800 °C. We
believe that the remnant polarization value can be improved by
further shortening of the annealing times. Longer annealing
times produced a (001/010)-oriented monoclinic phase and
greatly reduced remnant polarization values. In contrast to Ca

Figure 8. (a) Capacitance−voltage measurements of a ferroelectric
Sr:HfO2 film annealed for 60 s, fatigued at 5 kHz for an increasing
number of cycles, and (b) effect on dielectric constant with prolonged
fatigue cycling. Orientations in (b) denote the inferred phases and
preferred orientations.
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and other dopants used in CSD studies, HfO2 doped with Sr
requires shorter processing times. From XRD analysis and
from electrical response during wake-up cycling, it is inferred
that the (001)/(100)-oriented cubic/tetragonal phase under-
goes a phase transformation to the orthorhombic phase with
polar (001) and nonpolar (010)-orientations. Thus, the strong
ferroelectricity found in our Sr:HfO2 films can be explained by
the generation of a large portion of favorably (001)-oriented
orthorhombic crystals during electrical forming. However, an
undesired continuous structural conversion to the nonpolar
monoclinic phase occurs when electrical cycling is prolonged.
This was made evident by a dielectric constant reduction from
30, in a pristine state, to 21 in fatigued capacitors. Although the
current endurance of our films is limited to less than 106 cycles,
there is ample room for optimization using different methods
such as top electrode engineering. We consider our present
work to be the first to show that crystal orientation control of
HfO2 films is possible via a simple chemical approach and
subsequent processing. In addition, thin layer growth followed
by layer-by-layer crystallization, as employed by Schenk et al.,
and tailoring of annealing atmosphere with leakage reduction,
as done by Mandal et al., could improve the results further.17,48

Moreover, our approach is compatible with methods aiming at
fabricating thicker HfO2 films23,49 for NEMs and MEMs and
promising for spray-coating and inkjet printing techniques for
larger scale production.50
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