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Strain as a Global Factor in Stabilizing the Ferroelectric
Properties of ZrO2

Bohan Xu,* Patrick D. Lomenzo, Alfred Kersch, Tony Schenk, Claudia Richter,
Chris M. Fancher, Sergej Starschich, Fenja Berg, Peter Reinig, Kristina M. Holsgrove,
Takanori Kiguchi, Thomas Mikolajick, Ulrich Boettger, and Uwe Schroeder*

Since the discovery of ferroelectricity in doped HfO2 and ZrO2 thin films over
a decade ago, fluorite-structured ferroelectric thin films have attracted much
research attention due to their excellent scalability and complementary
metal-oxide semiconductor compatibility compared to conventional
perovskite ferroelectric materials. Although various factors influencing the
formation of the ferroelectric properties are identified, a clear understanding
of the causes of the phase formation have been difficult to determine. In this
work, ZrO2 films deposited by atomic layer deposition and chemical solution
deposition have resulted in films with completely different structural
properties. Regardless of these differences, a general relationship between
strain and phase formation is established, leading to a more unified
understanding of ferroelectric phase formation in undoped ZrO2 films, which
can be applied to other fluorite-structured films.

1. Introduction

Fluorite-structured ferroelectrics have attracted much attention
since ferroelectricity was reported in 10 nm thin polycrystalline
films of Si:HfO2 prepared by atomic layer deposition (ALD).[1]
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The development of HfO2-based ferroelec-
tric memory devices drove much of the
initial research efforts.[2–4] Since the origi-
nal publication, the spectrum of prospective
applications has quickly widened, and the
fluorite-structured films are now also
viewed as a promising candidate for use
in supercapacitors,[5,6] tunable microwave
filters and phase shifters,[7,8] as well as
piezoelectric and pyroelectric devices,[9–12]

extending research efforts toward actuators,
sensors, and resonators. One advantage
compared to conventional perovskite ferro-
electrics is that these materials are based
on simple binary oxides such as HfO2
and ZrO2, and are compatible with com-
plementary metal–oxide–semiconductor
processes.[1,13]

In the polycrystalline fluorite-structured thin films, a non-
centrosymmetric orthorhombic phase with a space group of
Pca21 introduces the ferroelectric behavior.[1,13–15] However, the
presence of some other non-ferroelectric phases has been re-
ported as well, including the non-polar P21/c monoclinic and
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P42/nmc tetragonal phases,[13,16] as well as the antipolar Pbca or-
thorhombic phase.[17,18] Therefore, stabilizing the polar o-phase
is critical for achieving the functionalities based on the ferroelec-
tric properties.

ZrO2, as a fluorite-structured material, has been commonly
reported as a non-ferroelectric material because the non-polar t-
phase is typically the most stable phase in ZrO2 films,[13,15] and
antiferroelectric-like (AFE-like) hysteresis loops have been nor-
mally observed, which are caused by a reversible electric field in-
duced t- to o-phase transition.[13,19] Recently, however, ferroelec-
tric properties of undoped ZrO2 have been reported.[20–25] It is
worth noting that a ferroelectric R3m rhombohedral phase has
been reported in epitaxial ZrO2 films.[25] Compared to the HfO2-
based thin films, ZrO2 films can exhibit ferroelectric behavior in a
wide thickness range, from subnanometer to 390 nm,[20,26] where
the polar o-phase is suppressed in undoped HfO2 films due to the
m-phase formation. In addition, the lower crystallization temper-
ature of thin ALD ZrO2 films results in better back-end of line
compatibility.

The relationship between ferroelectric behavior and
strain/stress has recently received increasing attention.[27–31]

The strain and stress can be influenced by lattice mismatch,[32]

coefficient of thermal expansion (CTE) difference between the
film and substrate,[33,34] grain size and surface energy,[15,35]

defect content,[36,37] and densification during crystallization.[1,35]

Density functional theory (DFT) suggests that large in-plane
biaxial compressive stress may stabilize the polar phase and
t-phase over the m-phase thermodynamically.[15,38] The sugges-
tion from the point of view of the kinetic barrier is different.
DFT suggests a lower barrier for biaxial tensile stress for both
t-phase to o-phase and t-phase to m-phase transitions.[39]

Chemical solution deposition (CSD) is an alternative to ALD
for depositing fluorite-structured thin films. In CSD-prepared
films, the ferroelectric behavior can be observed in ZrO2 films up
to the thickness of 390 nm and in La:HfO2 even up to 1 μm.[20,40]

However, ALD films exhibit a drastic reduction in the ferroelec-
tric properties as the film thickness increases beyond 50 nm,
with the polar o-phase destabilization and the non-polar m-phase
formation.[41]

In this work, ALD and CSD deposited ZrO2 in a wide thickness
range are used as a model system to understand the ferroelectric
stabilization mechanism in thick CSD films, as well as the im-
pact of strain on the ferroelectric properties for both CSD and
ALD films. Here, different changes in strain with thickness are
expected. Based on this, a model of the relationship between the
ferroelectric o-phase stabilization and biaxial strain is developed
for different fluorite-structured films, especially for ZrO2-based
thin films.

2. Results and Discussion

2.1. Structural Analysis in the Pristine State

Since the ferroelectric properties in ZrO2 thin films are highly
related to the structural polymorphism, the phase fractions in the
pristine state of the films with different thicknesses for both ALD
and CSD films are characterized by using grazing incidence x-ray
diffractometry (GIXRD), Raman spectroscopy, and transmission
electron microscopy (TEM).

According to the GIXRD measurements (Figure 1a,b), gen-
erally, for both ALD and CSD ZrO2 films, the o-/t-phases are
the phases with the highest peak intensity at 2𝜃 of 30.4°, and
the m-phase fraction increases in the thicker films. For ALD
films, the m-phase appears in films thicker than 15 nm, and
it becomes pronounced when the thickness reaches 45 nm, es-
pecially for (−111)m plane at 2𝜃 of 28.5°. In contrast, the CSD
films exhibit a relatively lower m-phase content, even when
the films are considerably thicker than the 45 nm thick ALD
film. Additionally, it is worth noting that the shoulder peak
at 2𝜃 of 31° is not attributed to either the m-phase or the
t-phase.[27]

Since the amount of the t- and o-phases cannot be clearly dis-
tinguished by GIXRD due to the similarity of the diffraction pat-
terns, Raman spectroscopy has recently been proposed to give
a relatively clearer distinction between the o- and t-phase.[42,43]

Due to the similarities between polar and antipolar o-phases in
the Raman spectra, the o-phases are difficult to distinguish.[44]

Raman spectra are measured directly on the ZrO2 bare surface
between the top electrodes for ALD and CSD films with different
thicknesses (Figure 1c,d). However, the Raman intensity in films
thinner than 30 nm is too weak for good signals, so spectra are
only available for 30 and 45 nm thick ALD ZrO2 films. Similar
behavior is observed for both ALD and CSD films with different
thicknesses. The m- and t-phases are the most noticeable phases,
and the peak intensity for the m-phase increases, which is consis-
tent with the GIXRD results, and the t-phase intensity decreases
in thicker ZrO2 films.

Since the o-phases are almost invisible for both ALD and
CSD ZrO2 films in the Raman spectra, high-resolution TEM
(HRTEM) is applied to 45 nm thick ALD ZrO2 film (Figure 2a),
and high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) is applied to 66 nm thick CSD
ZrO2 film (Figure 2b), respectively. For both films, it is confirmed
that the t-phase is the dominant phase, with small amounts of the
o-phase, based on the positions of the zirconium atoms moni-
tored by TEM. Overall, the fraction of the o-phase appears very
limited in both films, and the o-phase grains are rarely observed
across the film in TEM. This explains why the o-phase is not de-
tected by Raman spectroscopy. Furthermore, it is hard to detect
the oxygen atoms with HRTEM for distinguishing the antipolar
(Pbca) and polar (Pbc21) o-phases.[17,18]

In summary, from the structural analysis in the pristine state
of the films, it is observed that the m-, o-, and t-phases coexist in
both ALD and CSD films. In the pristine state of the films, the
t-phase is the dominant phase, while the o-phase fraction is very
low. The m-phase fraction rises and the t-phase fraction reduces
with increasing film thickness. In addition, with increasing thick-
ness, the m-phase is more easily stabilized in the ALD layers than
in CSD layers.

2.2. Electrical Characterization

The polarization and current hysteresis loops are measured af-
ter 104 electrical wake-up cycles for ALD films (Figure 3a) and 10
electrical wake-up cycles for CSD films (Figure 3b) with differ-
ent thicknesses, respectively. For ALD films, the hysteresis loop
changes from a pinched double hysteresis AFE-like loop to the
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Figure 1. GIXRD measurements for a) ALD ZrO2 and b) CSD ZrO2 films with different thicknesses. Raman spectra for c) ALD ZrO2 and d) CSD ZrO2
films with different film thicknesses.

ferroelectric hysteresis loop with increasing film thickness. The
applied field is reduced from 4 to 2 MV cm−1 when the film in-
creased from 10 to 45 nm because the thicker films exhibit higher
leakage current and earlier breakdown during cycling under the
electric field of 4 MV cm−1. Additionally, the reduction of the
background displacement current is caused by the lower relative
dielectric constant in the 45 nm film because of the presence of
the low-k monoclinic phase. Increasing the film thickness from
10 to 20 nm increases the remanent polarization (Pr) from 7 to 11
μC cm−2 (Figure 3c), which is attributed to the t-phase destabiliza-
tion and polar o-phase formation. However, after further increas-
ing the thickness of the film, the Pr drops to 6 μC cm−2, which is
caused by the polar o-phase suppression and m-phase stabiliza-
tion. Moreover, the significant drop of the breakdown field and

relative dielectric constant with thickness is also attributed to the
t-phase destabilization and o-/m-phase formation.[15,16,45,46] Com-
pared with the ALD films, the Pr of CSD films decreases from
12 to 7 μC cm−2 with the film thickness increasing from 33 to
390 nm. Furthermore, no field-induced t- to o-phase transition
or pinched hysteresis loop is observed after ten wake-up cycles in
the CSD films.

Since the structural characterizations are performed in the
pristine state and the electrical measurements are carried out
after wake-up cycling, the electrical behavior during cycling is
measured on the 45 nm ALD film (Figure 4a) and 66 nm CSD
film (Figure 4b) to investigate the wake-up behavior in detail.
Ex-situ Raman spectroscopy measurements are performed af-
ter the electrical cycling to observe the phase changes during

Adv. Funct. Mater. 2023, 2311825 2311825 (3 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.afm-journal.de

Figure 2. a) Cross-sectional HRTEM measured on 45 nm thick ALD ZrO2 and b) HAADF-STEM measured on 66 nm thick CSD ZrO2.

wake-up cycling. For performing the electrical measurements,
the top TiN electrodes are sputtered directly on both the ALD
and CSD ZrO2 bare surface due to the limited penetration depth
of the Raman laser beam into metals. For ALD films, a wake-
up behavior is observed up to 104 cycles. Based on Raman spec-
troscopy (Figure 4d), the t-phase peaks at the Raman shift of 265
and 650 cm−1 decrease, and multiple peaks representing the po-
lar o-phase at 340 cm−1 and between 550 and 620 cm−1 are aris-
ing. The antipolar o-phase has the strongest peaks at 355, 560,
and 640 cm−1.[44] The increase in the peak intensities can be bet-
ter correlated with the polar o-phase. However, due to the noise
level, the antipolar o-phase cannot be excluded entirely in the
pristine and woken-up samples. Since the Raman o-phase in-
tensity increase occurred in parallel with the Pr improvement,
the wake-up effect is attributed to the irreversible t- to polar o-
phase transition. However, a minor antipolar o-phase contribu-
tion could be present. For CSD films, a pinched hysteresis loop
in the pristine state indicates the reversible field-induced t- to o-
phase transition, and the double switching peaks merge to a sin-
gle ferroelectric switching peak within 10 electrical cycles. The
initial jump to a Pr value of 12 μC cm−2 occurs already after the
first switching cycle. However, a degradation of the ferroelectric
switching peak (fatigue effect) starts after 10 field cycles, and the
capacitors start to break down after 104 cycles.

In summary, combining the structural and electrical character-
izations, a small window for stabilizing the ferroelectric o-phase
is observed in ALD films with different thicknesses. The t-phase
is stabilized in the thinner films, and the m-phase is formed in
the thicker films, both leading to a degradation of the ferroelec-
tric properties, even though the irreversible t- to o-phase tran-
sition during cycling improves the ferroelectric behavior. It is
worth noting that the t-phase still coexists with the polar o-phase
and non-polar m-phase in the 45 nm thick ZrO2 film after elec-
trical cycling. Compared to the ALD films, CSD films exhibit a

larger window of the polar o-phase stabilization with thickness
and higher remanent polarization value. More than 70% of the
conversion from t-phase to o-phase occurs after the first switch-
ing cycle.

2.3. Grain Size and Strain Characterization

As recently discussed, the relationship between the strain/stress
and ferroelectric properties in fluorite-structured thin films
is an important issue.[27–30,47] Therefore, the biaxial strain
and grain size, which plays an essential role in the crystal-
lite surface energy, are characterized and discussed in this
section.[15,48]

The grain size is measured on the top surface of the ALD
ZrO2 films and in cross-sections for the CSD ZrO2 layers. Atomic
force microscopy (AFM) in tapping mode is applied to the ALD
ZrO2 films, and scanning electron microscopy (SEM) is used
for CSD ZrO2, respectively. The images are further analyzed
with the Gwydion software by applying the watershed method
(Figure 5a).[49] For ALD films, the grain size increases rapidly up
to 20 for 30 nm thick films and remains relatively constant as the
film thickness further increases. For CSD films, the grain size
is relatively stable at 5 to 10 nm up to a thickness of 390 nm,
and the overall grain size is smaller than the grain size in ALD
films. Cross-sectional HRTEM is performed on 15 nm ALD ZrO2
(Figure 5c), 45 nm ALD ZrO2 (Figure 5d), and 66 nm CSD ZrO2
(Figure 5e), respectively. For 15 nm ALD ZrO2, grains span the
whole film thickness perpendicular to the substrate, meaning the
film thickness restricts the grain size in the thin ALD ZrO2 films.
However, stacking of multiple grains perpendicular to the surface
is observed in the 45 nm ALD ZrO2, indicating that the film thick-
ness in the thicker ALD films no longer restricts the grain size.
Additionally, a porous structure is shown in the CSD ZrO2 films,
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Figure 3. Polarization (top) and current (bottom) hysteresis loops for (a) ALD films after 104 wake-up cycles and (b) CSD films after 10 wake-up cycles
with different film thicknesses. c) The extracted remanent polarization as a function of film thickness for both ALD and CSD films.

which is likely from the outgassing of residual solvents. The grain
size is thereby limited by the pores during the homogeneous
nucleation instead of the film thickness.[40] Interestingly, a sim-
ilar porous structure formed during the process has been re-
ported in ferroelectric CeO2-HfO2 solid solution epitaxial thin
films.[50,51]

Bragg-Brentano X-ray diffractometry (BBXRD) measurements
are carried out with sin2Ψ method to extract the lattice spacing
changes from out-of-plane (Ψ = 0 °) to in-plane (Ψ = 90 °) direc-
tion for both ALD (Figure 6a) and CSD (Figure 6b) films with dif-
ferent thicknesses.[29] The in-plane biaxial strains are calculated
based on the lattice spacing changes with a Poisson ratio of 0.29,
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Figure 4. Polarization (top) and current (bottom) hysteresis loops with field cycling for a) a 45 nm thick ALD film and b) a 66 nm thick CSD film.
c) Extracted remanent polarization as a function of the number of electric field cycles for both ALD and CSD films. Raman spectroscopy with field cycling
for d) 45 nm thick ALD film and e) 66 nm thick CSD film.

and the stresses are determined assuming a Young’s modulus of
267 GPa.[52] More details are discussed in the Supporting Infor-
mation (Figure S1, Supporting Information). For both ALD and
CSD films, the in-plane tensile strain and stress decrease in the
thicker films. However, the values decrease much faster in ALD
films compared to CSD films (Figure 6c).

As discussed, many factors influence the strain in the
ZrO2 films, including lattice mismatch and CTE difference be-
tween the film and substrate,[32–34] phase stabilization,[53] defect
content,[36,37] and densification during annealing,[1,35] etc. These
factors can also be interrelated. The lattice mismatch between the
film and substrate is also influenced by film thickness because

the lattice mismatch is larger at the interface than in the bulk.
Therefore, in thicker films, the bulk is more critical than the inter-
face in terms of strain reduction. However, it cannot fully explain
that the strain decreases much faster in the ALD films, especially
since the lattice parameter of the TiN electrode (≈4.1 Å), which is
used in ALD films, is closer to the ZrO2 (≈5 Å) compared to the
lattice parameter of the Pt electrode (≈3.9 Å), which is used in
CSD films. Film growth is a major factor influencing the strain
in the film. During film deposition, grain formation and grain
growth reduce the strain in the film with increasing thickness.[54]

The other factor is phase stabilization. Since the volumes of the
m-, o-, and t-phases follow the order of Vm > Vo > Vt,

[15] the film
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Figure 5. a) AFM scan of the top surface of a 45 nm thick ALD ZrO2. The region in red shows the analysis by the watershed method with Gwydion.
b) Gain radius as a function of film thickness for both ALD and CSD ZrO2 films. c) Cross-sectional HRTEM image of a 15 nm thick ALD ZrO2 film.
d) Cross-sectional HRTEM image of a 45 nm thick ALD ZrO2 as well as the inverse fast Fourier transform (masking {111]o/{011}t planes) of the area
marked by the green square. Grains are outlined in red. e) Cross-sectional SEM and HAADF-STEM images of a 66 nm CSD ZrO2 film.

stabilized in the m-phase exhibits the smallest in-plane tensile
strain in the film, and the film stabilized in the t-phase shows
the largest strain.[53] Therefore, the in-plane strain in the ALD
films drops faster in the thicker films since the m-phase is easier
stabilized in the ALD films, according to the structural character-
ization in the pristine state of the film. In contrast, the prominent
surface-to-volume ratio generated from the porosity in the CSD

films suppresses the m-phase formation, giving a larger window
for the polar o-phase stabilization with thickness. Furthermore,
even though the t-phase is energetically favorable due to the large
surface-to-volume ratio in the pristine state of the CSD films,[15]

the porosity also eases the irreversible t- to o-phase transition dur-
ing electrical cycling, leading to a decent ferroelectric behavior
after wake-up cycling.
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Figure 6. Sin2Ψ analysis of the angular dependent BBXRD data for a) ALD and b) CSD ZrO2 films with various film thicknesses. c) In-plane tensile stress
and strain as a function of film thickness and d) corresponding out-of-plane compressive strain as a function of film thickness for both ALD and CSD
films.

For further understanding the relationship between the strain
and ferroelectric behavior in the ZrO2 thin films, the in-
plane strain as a function of the t- to o-phase transition
field or coercive field (Ec) in the pristine sample is shown in
Figure 7. Since the strain determined by the sin2Ψ method
is measured in the pristine state of the films, the switch-

Figure 7. Switching field (Ec for ferroelectric films and t- to o-phase transi-
tion field for anti-ferroelectric films) as a function of in-plane-tensile strain
for films from different sources. The thicknesses of the ALD films (red)
and CSD films (green) from this study are marked next to the data points.

ing field values are also obtained in the pristine state for a
fair comparison, as they may be influenced during wake-up
field cycling.[55] For the o-phase, the Ec is used as the switch-
ing field; for the t-phase, the t- to o-phase transition field is
chosen to represent the ferroelectric properties. A larger field
required for the t- to o-phase transition illustrates greater t-
phase stabilization. These parameters are less influenced by
leakage current compared to extracted Pr values (Figure S3,
Supporting Information).

As discussed, the biaxial in-plane tensile strain decreases
in thicker films for both ALD and CSD films, revealing
the t-phase destabilization with higher film thickness. More-
over, for 30–45 nm ALD, and 390 nm CSD films, an in-
creasing amount of the non-polar m-phase, consistent with
a decrease of the in-plane tensile strain, is observed from
GIXRD.

Additional data from other references were added, and a com-
mon trend is shown (Figure 7). All factors, such as film composi-
tions, deposition methods, annealing conditions, doping, oxygen
vacancy content, surface energy, etc. are different in those films,
leading to a specific strain in the layer that correlates with the
phase. As a result, a consistent trend is observed for these films.
A high strain corresponds to forming a t-phase with a high transi-
tion field from t- to o-phase. Reducing the strain would reduce the
field for the phase transition until the coercive field of the o-phase
is reached. For strain values below 0.3%, the m-phase is favored.
The trend appears to be universal, as both ALD and CSD films
follow the same tendency in addition to other samples. Overall,
it should be noted that non-polar interfacial layers between the
electrode and the dielectric results in a depolarization field that
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increases the switching field. This effect is more critical for thin-
ner films and causes a broadening of the general strain versus
switching field trend.[56]

3. Conclusion

This paper compares and discusses undoped ZrO2 films de-
posited by ALD and CSD with different thicknesses. Many fac-
tors are different for ALD and CSD films, including film thick-
ness, deposition temperature, electrode material, annealing con-
ditions, oxygen and defect concentration in ZrO2, etc. As a result,
ALD films have a polycrystalline granular and CSD films have
a porous structure. However, the stabilization of phases is still
found to be similar. Here, a global commonality for these films is
observed in the sense that a large in-plane tensile strain stabilizes
the t-phase, a small in-plane tensile strain favors the m-phase,
and the ferroelectric o-phase is stabilized with an intermediate
strain. This also seems much more generally true for all doped
HfO2 and mixed HZO films with fluorite structure. As the main
difference between both deposition methods, it is found that the
larger in-plane tensile strain and surface-to-volume ratio in CSD
films introduce a larger window in thicknesses for ferroelectric
stabilization.

Currently, compatibility and reliability are widely studied for
the use of fluorite-structured thin films for memory and other
applications. By understanding the relationship between strain
and ferroelectric properties in fluorite-structured films, various
process parameters can be changed simultaneously during film
development if strain conditions are kept constant.

4. Experimental Section
Capacitor Fabrication: For CSD films, capacitors of undoped ZrO2

films with thicknesses ranging from 33 and 390 nm were prepared by CSD.
Zirconium 2,4-pentadionate was dissolved in propionic acid and propionic
acid anhydrite (5:3) at 140 °C for 6 h as the precursor solution. The pre-
pared precursor solution with a concentration of 0.25 mol L−1 was spin-
coated on a sputtered 100 nm platinum (Pt) bottom electrode with a (111)
orientation. After each spinning coating, a heating step was performed at
215 °C for 5 min. The spin coating process was repeated several times to
achieve the desired film thickness. A final crystallization step was carried
out at 800 °C for 90 s in an oxygen/argon atmosphere (1:1). A 50 nm thick
Pt top electrode was sputtered at room temperature, and a negative lift-off
process was performed to structure the Pt top electrode. For ALD films,
capacitors of undoped ZrO2 films with thicknesses from 4 to 45 nm were
prepared by ALD. 30 nm thick tungsten (W) conducting layer and 10 nm
thick titanium nitride (TiN) bottom electrode were subsequently sputtered
at room temperature. Cp-Zr[N(CH3)2]3 was used as a metal-organic pre-
cursor to deposit ZrO2 films with different thicknesses at 350 °C with an
oxidizer of ozone. A 10 nm TiN top electrode was then sputtered on the
ZrO2 films. 10 nm titanium (Ti) and 25 nm Pt hard mask dots were evapo-
rated through a shadow mask. The bare TiN top electrode was etched with
inductively coupled plasma (ICP) to complete the top electrode structure.
No additional annealing step was required for crystallization.

X-Ray Diffraction: Grazing incidence X-ray diffractometry and Bragg-
Brentano X-ray diffractometry measurements were performed in a Bruker
D8 Discover tool with 0.154 nm Cu-K𝛼 radiation.

Raman Spectroscopy: A Renishaw inVia Qontor Raman microscope
was used for ALD films to conduct Raman measurements with an expo-
sure time of 5000 s per spectrum. A Leica DM2700 microscope (×100)
with an argon laser of a 457 nm wavelength was used in Raman. For CSD
films, Raman spectroscopy was performed at room temperature using a

confocal Raman microscope (inVia Qontor, Renishaw plc), including a
DM2700 microscope (Leica Camera AG) and 100× NPLAN-objective lens.
For excitation, a solid-state continuous wave (cw) laser (TEM00, polariza-
tion ratio 100:1, vertical) operating at (405,0 ± 0,5) nm wavelength with a
maximum output power of 30 mW has been employed. Sample illumina-
tion was performed perpendicular to the sample surface. Measurements
were conducted in the Stokes-regime using a Rayleigh filter with 100 cm−1

cut-off wavenumbers. Raman spectra acquisition was conducted at an ex-
posure time of 1200 s per individual spectrum and integration of three sub-
sequent individual measurements. A baseline correction was performed
after measuring the raw spectra for both ALD and CSD films.

Atomic Force Microscopy: A Bruker Dimension XR scanning probe mi-
croscope was utilized to characterize the surface roughness and grain size
on the surface.

Scanning Electron Microscopy: Cross-sectional and top-view images
were obtained by scanning electron microscopy using a Zeiss Leo 1560
equipped with a field-emission cathode.

Transmission Electron Microscopy: Cross-sectional specimens for elec-
tron microscopy were prepared using a Tescan-focused ion beam (FIB)—
secondary electron microscope Lyra 3. FIB milling was performed at ac-
celerating voltages of 30 and 5 kV. High-resolution transmission electron
microscopy was performed on a Thermo Fisher Scientific Talos F200X and
JEOL JEM-ARM200F operated at 200 kV.

Electrical Characterization: The CSD films with the top electrode area
of approximately 2500 μm2 were measured using an AixACCT TF 2000 fer-
roelectric analyzer with a frequency of 1 kHz. The ALD films with the top
electrode area of approximately 9500 μm2 were measured using an Aix-
ACCT TF 3000 ferroelectric analyzer with a frequency of 1 kHz.

Density Functional Theory: First principles calculations were per-
formed using the ABINIT implementation of the density functional the-
ory and the density functional perturbation theory (DFPT) using the Lo-
cal Density Approximation (LDA) and Projector Augmented Wave (PAW)
pseudopotentials from the GBRV library. The plane wave cut-off was 40 Ha
and the PAW cut-off 45 Ha. For the 6-atomic P42/nmc t-phase, the recipro-
cal space was sampled with a mesh of size 8 × 8 × 6. The force criterion for
the atomic relaxation was better than 10−4 eV Å−1 and the structures were
fully relaxed. Phonons were calculated at the Gamma-point. The Raman
tensor was calculated using third-order DFPT. Biaxial stress was applied
in the xy and xz-plane (equal to yz-plane) to calculate the stress depen-
dence of the Raman frequencies, resulting in frequency shifts. Assuming
isotropic orientation of the grains, the average shift was computed as an
average of 1 weight xy-shift and 2 weights xz-shift.
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