Acta Materialia 239 (2022) 118220

Contents lists available at ScienceDirect

Acta Materialia
journal homepage: www.elsevier.com/locate/actamat

Impact of oxygen content on phase constitution and ferroelectric
behavior of hafnium oxide thin ﬁlms deposited by reactive
high-power impulse magnetron sputtering
Samantha T. Jaszewski a,∗, Eric R. Hoglund a, Anna Costine a, Marc H. Weber b,
Shelby S. Fields a, Maria Gabriela Sales a, Jaykumar Vaidya c, Leah Bellcase d, Katie Loughlin d,
Alejandro Salanova a, Diane A. Dickie a,e, Steven L. Wolﬂey f, M. David Henry f,
Jon-Paul Maria g, Jacob L. Jones d, Nikhil Shukla c, Stephen J. McDonnell a, Petra Reinke a,
Patrick E. Hopkins a,h,i, James M. Howe a, Jon F. Ihlefeld a,c,∗
a

Department of Materials Science and Engineering, University of Virginia, 395 McCormick Road, Charlottesville, VA 22904, USA
Institute of Materials Research, Washington State University, Pullman, WA 99164, USA
Charles L. Brown Department of Electrical and Computer Engineering, University of Virginia, Charlottesville, VA 22904, USA
d
Department of Materials Science and Engineering, North Carolina State University, Raleigh, NC 27695, USA
e
Department of Chemistry, University of Virginia, Charlottesville, VA 22904, USA
f
Sandia National Laboratories, Albuquerque, NM 87185, USA
g
Department of Materials Science and Engineering, Pennsylvania State University, University Park, PA 16802, USA
h
Department of Mechanical and Aerospace Engineering, Charlottesville, VA 22904, USA
i
Department of Physics, Charlottesville, VA 22904, USA
b
c

a r t i c l e

i n f o

Article history:
Received 8 December 2021
Revised 12 July 2022
Accepted 29 July 2022
Available online 4 August 2022

1. Introduction
Since the ﬁrst report of ferroelectricity in hafnium oxide (HfO2 )
doped with SiO2 in 2011 [1], signiﬁcant research efforts have been
directed toward understanding the switchable spontaneous polarization in this material. HfO2 is chemically compatible with silicon [2], is currently used as a high-κ dielectric in complementary
metal oxide semiconductor (CMOS) devices [3], and in the ferroelectric phase is not susceptible to the thickness scaling effects
that impose application limitations on traditional ferroelectrics
[4,5]. Thus, this material presents opportunities for technological
developments in devices, such as renewed scaling of ferroelectric
random access memory (FeRAM), ferroelectric ﬁeld effect transistors (FeFETS), and new devices such as ferroelectric tunnel junctions (FTJs) that previously required epitaxial growth.
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The wide-scale adoption of ferroelectric HfO2 into devices is
constrained, in part, by an inability to prepare phase-pure ﬁlms.
In equilibrium at room temperature and atmospheric pressure,
HfO2 exists in the nonpolar monoclinic P21 /c phase. Multiple
metastable phases exist, including an orthorhombic Pca21 phase
and a tetragonal P42 /nmc phase, which can be stabilized by various factors. Ferroelectricity in HfO2 has been attributed to the noncentrosymmetric Pca21 orthorhombic phase.[6] The factors that
have been shown to impact phase constitution include dopant type
and concentration [6–10], biaxial stress [11], oxygen vacancies [12],
and ﬁlm thickness or grain size [13,14].
The majority of research on ferroelectric HfO2 thus far has utilized atomic layer deposition (ALD) for ﬁlm preparation. These
ﬁlms are typically amorphous as deposited and must be annealed
at an elevated temperature to form the ferroelectric phase. The
stochastic nature of nucleation results in ﬁlms with a broad grain
size distribution [15] and are typically multi-phase. Because conventional thermal ALD has few adjustable parameters, controlling
microstructure using this method is diﬃcult. Additionally, most
ALD ﬁlms possess carbon impurities from residual precursor lig-
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ands, which may affect the ferroelectric properties [16–18]. Therefore, physical vapor deposition (PVD) methods, which offer greater
freedom in engineering deposition conditions, are promising candidates for the preparation of ferroelectric HfO2 . To date, several
reports on the PVD of HfO2 have been made. Olsen et al. reported
ferroelectricity in Y-doped HfO2 prepared by co-sputtering from
HfO2 and Y2 O3 sources via radio frequency (rf) sputtering [19],
Mittmann et al. demonstrated ferroelectricity in undoped HfO2
ﬁlms varying in thickness from 8 to 40 nm deposited by rf sputtering from a ceramic target [20], Mimura et al. observed ferroelectricity in epitaxial and polycrystalline Y-doped HfO2 ﬁlms deposited by rf sputtering at room temperature from a ceramic target [21], and Lee et al. prepared ferroelectric Hf0.5 Zr0.5 O2 thin ﬁlms
via reactive rf sputtering from a metal target [22]. Still, these studies, among others [23–27], leave room for exploration of this ﬁlm
preparation approach.
A previously unexplored PVD method for ferroelectric hafnia is
High-Power Impulse Magnetron Sputtering (HiPIMS). HiPIMS is a
technique in which low duty cycle pulses (< 5% duty cycle) are applied to the sputter target to produce dense plasmas with a high
degree of sputtered atom ionization [28]. HiPIMS offers a number
of controllable process parameters such as pulse power, pulse duration, background pressure, and gas atmosphere that all impact
depositing species energy and ﬂuence and are not accessible using conventional ALD or PVD processes. These process parameters
may allow for additional control of the factors that inﬂuence the
nucleation behavior, microstructure, and ferroelectric properties in
HfO2 .
One factor that appears to be particularly important for stabilizing the ferroelectric phase in HfO2 is grain size owing to large surface energy contributions to the overall free energy in nanoscale
materials. Computational work by Materlik et al. predicted that
the orthorhombic phase in pure HfO2 can be stabilized by grain
sizes ranging from 3 to 5 nm, with the tetragonal (t-) and monoclinic (m-) phases stabilized by smaller and larger grain sizes,
respectively [13]. This computational prediction is supported by
experiments: in ALD-prepared ﬁlms, degradation of the ferroelectric properties of doped HfO2 has been observed with ﬁlm thicknesses over 20 nm due to increasing grain size with ﬁlm thickness, resulting in stabilization of the monoclinic phase [29,30].
Similarly, degradation of ferroelectric properties with ﬁlm thickness was avoided in chemical solution deposited (CSD) doped HfO2
ﬁlms where layer-by-layer thermal treatment during the deposition process allowed for control of the grain size as the microstructure was equiaxed rather than columnar [31,32]. It should be noted
that the ﬁlm thickness dependence of ferroelectric properties was
not observed in Y-doped HfO2 ﬁlms deposited by pulsed laser deposition with thicknesses ranging from 10 to 930 nm [33]; however, the crystallite sizes in those ﬁlms also appeared to be on the
order of nanoscale.
While grain size control appears to be a critical factor for obtaining phase-pure ﬁlms, another factor shown to play a signiﬁcant role in the stability of the orthorhombic phase is the concentration and distribution of oxygen vacancies [20,34,35]. Firstprinciples calculations of HfO2 ﬁlms have shown that incorporation
of oxygen vacancies into the lattice reduces the total energy of the
orthorhombic and tetragonal phases in comparison to the monoclinic phase [36,37]. In addition to stabilization of the orthorhombic phase, oxygen vacancies have also been shown to play a role in
the “wake-up” effect, in which the remanent polarization increases
during electric ﬁeld cycling due to the redistribution of oxygen vacancies with the applied ﬁelds [36].
In the present work, the relative impacts of grain size and oxygen content on the phase composition and electrical properties of
pure HfO2 thin ﬁlms deposited by HiPIMS are studied. HiPIMS en-

ables the use of a high purity hafnium metal target, which results
in low levels of impurities compared to ALD-prepared ﬁlms, for example. This allows for the characterization of properties without
the ambiguity associated with dopants and contamination. Phases
present are characterized by X-ray diffraction (XRD) and supported by electrical properties, including relative permittivity and
polarization. Microstructure is examined using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
Oxygen stoichiometry and oxygen vacancies are characterized using electron energy-loss spectroscopy (EELS), X-ray photoelectron
spectroscopy (XPS), and positron annihilation spectroscopy (PAS).
Through these characterizations, the impact of oxygen content and
microstructure is decoupled, and it is shown that oxygen vacancies play a critical role in phase nucleation and phase stability in
hafnium oxide.

2. Experimental procedures
2.1. Deposition parameters
HfO2 ﬁlms were deposited on 100 nm thick TaN bottom electrodes on (001)-oriented p-type silicon substrates. The TaN was
prepared by pulsed dc magnetron sputtering (30 kHz, 4 μs reverse
time) from a TaN target within a Denton Discovery 550 system and
had a (111)-orientation, as described in prior work [38]. Hafnium
oxide ﬁlms were prepared from a 50 mm diameter hafnium metal
target of 99.9% purity (excluding zirconium impurities) aﬃxed to
a balanced magnetron sputter gun (Meivac, MAK) within a custom 460 mm diameter spherical stainless steel vacuum chamber.
The source to substrate distance was 80 mm and the gun to substrate angle was 45°. The load-locked chamber was evacuated using a turbomolecular pump backed by a rotary vane pump to reach
a base pressure of 10−7 Torr. For HiPIMS depositions, a Starﬁre
Impulse HiPIMS power module was used in conjunction with a
dc power supply to deliver square voltage pulses with a duration of 110 μs, a frequency of 200 Hz, and a magnitude of -700
V. These parameters represent a duty cycle of 2.0% and per-pulse
peak plasma power density of 600 W/cm2 . Following each negative high-power pulse, a +100 V positive pulse of length 200 μs
was applied to the target. Argon was used as the sputter gas, and
O2 gas was used as the reactive gas. Argon and O2 gas ﬂows were
controlled by electronic mass ﬂow controllers, and the total process pressure was controlled by a conductance ﬂow valve located
in front of the turbomolecular pump. A gas ﬂow of 15.00 sccm of
argon with 1.15, 1.19, 1.23, and 1.30 sccm of O2 was used to produce oxygen concentrations in the background gas of 7.1, 7.4, 7.6,
and 8.0%, respectively. A constant background pressure of 5 mTorr
was measured by a heated capacitance manometer with active PID
feedback to the conductance ﬂow valve. Nominally 20 nm thick
HfO2 ﬁlms were deposited. Films were continuously rotated during
growth to minimize thickness gradients, and the substrate platen
was grounded. The substrate was not intentionally heated during
deposition.
Following deposition, one set of the ﬁlms was annealed in a
pure argon atmosphere (99.999% purity) for 30 s at 800°C in a
rapid thermal processor (Allwin 21, Heatwave 610) with a ramp
rate of 66.7°C/s, while the other set was left in the as-deposited
state. Finally, top electrodes consisting of 20 nm of titanium nitride
and 50 nm of palladium were dc-magnetron sputtered through a
shadow mask to create a capacitor structure for electrical measurements. TiN was reactively sputtered from a titanium target with a
gas atmosphere of 5 sccm of argon and 1 sccm of nitrogen, pressure of 0.9 mTorr, and dc power density of 7.40 W/cm2 . Palladium
was deposited with an argon background pressure of 5 mTorr and
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dc power density of 3.31 W/cm2 . Circular electrode diameters were
100 μm and areas were conﬁrmed by optical microscopy.

to provide high signal-to-noise spectra representative of the ﬁlms.
The oxygen K-edge spectra were background subtracted using a
power law. Then, the spectra underwent Fourier-ratio deconvolution using the low loss signal that was acquired simultaneously
to the core loss spectra. This removes thickness effects and provides single-scattered electron probabilities. Conical darkﬁeld images were acquired in TEM mode with a 10 μm objective aperture
selecting ﬁrst-order reﬂections. The conical darkﬁeld was recorded
on a Thermo Fisher Ceta camera while the electron beam dynamically rotated around the optic-axis. Frames highlighting various
grains of each ﬁlm were then combined to aid in discriminating
the nanometer size grains that were diffracting with similar net
intensity.
XPS was performed with a Scienta Omicron Multiprobe MXPS
system with an XM1200 monochromator. Monochromatic Al Kα
(hν = 1486.6 eV) radiation was used to obtain core level spectra, which were collected at the center of the samples. The samples were introduced into ultrahigh vacuum and measured without
sputtering or annealing to avoid any process which could modulate
the defect population in the near-surface region. All samples had
acquired a contamination layer consisting of adventitious carbon
and oxygen during transport through air. For an inelastic mean free
path of 3.0 nm at the kinetic energy of the Hf 4f core electrons, the
information depth in these experiments was approximately 9.0 nm.
The adventitious carbon layer was approximately 0.8 nm in thickness, which was calculated using the Lambert-Beer law attenuation
of the Hf signal, but did not account for the inherent heterogeneity
and roughness of this layer. However, its small thickness and the
large cross-section of the Hf 4f core level enabled analysis of the Hf
and O signals without any additional surface cleaning. Survey spectra measured with a pass energy of 100 eV were used to conﬁrm
the presence of Hf, O, and C; no other elements were detected. A
pass energy of 50 eV and energy steps of 0.05 eV were used for
all core level spectra. The resolution is 0.41 eV for this pass energy as deﬁned by the width of the Ag 3d5/2 core level measured
from a standard. The spectra were aligned to the Fermi Level of a
clean gold sample set to 84.0 eV. A small charging induced shift
of the core levels of less than 2 eV was corrected by alignment of
the spectra at the energy of the Hf 4f7/2 core level with the lowest
binding energy in the series: 17.8 eV for the as-deposited samples,
which agrees with published values [42–44]. The FHWM of Hf and
O peaks was constant throughout the sample series and therefore
excluded differential charging. All XPS data were analyzed using
KolXPD software [45]. A Voigt function was suitable for ﬁtting all
core levels and was combined with a Shirley background [46]. Peak
areas were corrected by cross-sections provided by Scoﬁeld et al.
for each core level [47]. Compositions of as-deposited and annealed
ﬁlms were calculated by taking a ratio of the corrected O 1s peak
area to the corrected Hf 4f5/2 and Hf 4f7/2 peak areas.
PAS was performed using the Washington State University monoenergetic variable energy positron beam. Doppler broadening
spectra of the 511 keV annihilation line were measured for the
samples as a function of incident positron energy, E, with an energy resolution of 1.32 keV FWHM. The positron beam was generated by a 22 Na positron-emitting isotope, and the positron energy
was varied from 25 eV to 70 keV, which was suﬃcient to scan the
mean implantation depth through the HfO2 and TaN into the silicon substrate. Line shape (S) and wing (W) parameters were extracted and ﬁt using VEPFIT [48]. S was deﬁned as the fraction of
events ± 0.74 keV around the centroid of the 511 keV photoelectric
peak. A window of 3.26 keV on either side of the centroid channel
with an inside edge at 2.61 keV contributed to W. S and W values
were normalized with the total background-subtracted counts in
the photoelectric peak. Further analysis details have been reported
elsewhere [49].

2.2. Characterization
A Rigaku Smartlab X-ray diffractometer using Cu Kα radiation
in a parallel beam conﬁguration with a ﬁxed incident angle of
0.7° was used for grazing-incidence X-ray diffraction (GIXRD) measurements to assess crystallinity and phase constitution of ﬁlms in
the as-deposited and annealed states. A 2θ range of 26–33° was
selected due to the presence of 100% intensity reﬂections of the
monoclinic P21 /c phase, tetragonal P42 /nmc phase, and orthorhombic Pca21 phase in this range. Crystallite sizes calculated using
Scherrer’s equation [39] were corrected for instrumental broadening effects using Standard Reference Material® 660c lanthanum
hexaboride powder from the National Institute of Standards and
Technology. Area detector XRD measurements were completed using a Bruker APEXII Duo Single Crystal X-Ray diffractometer with
a collimated Cu Kα radiation source, a ﬁxed omega angle of 15°,
and an APEXII CCD area detector. Magnesium oxide powder was
adhered to the ﬁlm surface as a height reference standard. Phase
evolution during crystallization was measured using a PANalytical Empyrean X-ray diffractometer with Cu Kα radiation in a
Bragg-Brentano geometry with a linear detector and an Anton
Paar HTK1200 high temperature chamber in a nitrogen environment. The samples were heated at a rate of 2 °C/min from 25 °C to
10 0 0 °C and diffraction patterns were collected every 6°C, similar
to the parameters used in prior studies of crystallization of hafniabased ﬁlms [40,41].
Electrical characterization was performed on capacitor structures for the annealed ﬁlms. Polarization versus electric ﬁeld (P(E)),
pulsed positive up, negative down (PUND) polarization switching,
and relative permittivity measurements were performed. A Radiant Technologies Precision LC II Ferroelectric Property Analyzer
was used to perform P(E) measurements with a period of 10 ms
(100 Hz equivalent frequency) and PUND measurements with a
1 ms pulse width, 10 0 0 ms delay, and 2.5 MV/cm applied ﬁeld.
The initial relative permittivities, which contains both the intrinsic
permittivity of the lattice and the extrinsic reversible domain wall
contributions of the samples, were extracted from dielectric nonlinearity measurements conducted using a Keysight E4980A LCR
meter with a frequency of 10 kHz and oscillator levels ranging
from 0.002 to 0.500 V, root mean square. Leakage current measurements were performed on a Keithley 4200A-SCS Parameter Analyzer.
Plan-view SEM images were collected using an FEI Helios UC
G4 microscope in secondary electron mode with an accelerating
voltage of 2.00 kV, beam current of 0.1 nA, dwell time of 15 μs,
working distance of 2.3 mm, and a through-the-lens detector. TEM
cross-sections were prepared using the FEI Helios dual-beam focused ion beam. Preparation started with a 30 kV gallium ion
beam and high current that was incrementally lowered to a ﬁnal 5 kV low current setting. TEM experiments used a Thermo
Fisher Scientiﬁc Themis Z-STEM operating at 200 kV equipped
with an Ulti-Monochromator. All energy-loss spectroscopy used
a Gatan Imaging Filter equipped with an UltraScan CCD camera.
Energy-loss spectra were acquired in micro-probe mode with a
semi-convergence angle of 0.77 mrad and an acceptance angle of
5.47 mrad such that elastic contributions were minimized. The
energy resolution measured at the zero-loss full-width at halfmaximum (FWHM) was 0.16 eV, providing an energy resolution
comparable to the lifetime broadening of most core loss events. Individual spectra were acquired across a spectrum image of the ﬁlm
to reduce the dwell time in any position and minimize the possibility of beam damage. The spectrum images were then averaged
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Fig. 2. Relative o+t phase fractions (closed circles) and crystallite sizes (open
squares) calculated from GIXRD patterns.

Fig. 1. GIXRD patterns of crystallized HfO2 samples with varying oxygen content in
the plasma. Indexing for each peak is provided above the panel.

3. Results and discussion

that is approximately 15 degrees off surface normal due to the
geometry of the grazing incidence measurement. Effectively, this
results in the measured crystallite size to primarily comprise the
out-of-plane dimension, but with a minor in-plane contribution.
Area detector XRD measurements were performed to assess the
crystallographic texture of the ﬁlms (Fig. S2). Non-uniform intensity in the 111o /101t Debye-Scherrer rings indicated the presence of
preferred crystallographic texture in the 7.4 and 7.6% samples. For
example, if this peak is primarily due to the orthorhombic phase,
then these ﬁlms crystallized with a preference for a 111 out-ofplane texture. This texture was also observed in the 8.0% sample
along with slight texture of the monoclinic phase, with the higher
angle 111m reﬂection having an increased out-of-plane component.
The origin of this texture is unclear, as it was not previously observed on atomic layer deposited hafnium zirconium oxide (HZO)
ﬁlms prepared on identically processed TaN electrodes [51], but
may indicate that the HiPIMS deposition impacts nucleation from
the amorphous deposit.
Differences in the nucleation behavior leading to the varied
phases in the ﬁlms prepared with different oxygen contents were
sought using in-situ, high-temperature X-ray diffraction (HTXRD)
measurements. These experiments were performed on ﬁlms prepared with the three highest oxygen contents, with the results
provided in Fig. S4. Signiﬁcant differences in crystallization temperatures or phases between these ﬁlms were not observed, with
all ﬁlms containing signiﬁcant fractions of the monoclinic phase,
which formed at 460°C. These results differed from the observations for rapid thermal annealed ﬁlms, where the lower oxygen content ﬁlms had virtually no monoclinic phase. However,
the heating rate used for these HTXRD experiments was signiﬁcantly slower than the ﬁlms which underwent a rapid thermal anneal (2°C/min compared to 67°C/s), and studies have shown that
heating rate signiﬁcantly affects phase formation in HfO2 -based
thin ﬁlms [52,53]. Additionally, at suﬃciently high temperatures
and long times, the high kinetic barrier of the transition from the
tetragonal or orthorhombic phases to the monoclinic phase can be
overcome and the monoclinic phase can be formed during the annealing process [54,55]. Thus, the kinetic mechanisms for monoclinic phase formation may be responsible for the differences observed here. Further, the presence of oxygen impurities in the nitrogen gas, desorption from the furnace insulation, and desorption
from the alumina sample stage and sample holder during these
measurements may have eliminated the differences in the original
oxygen content within the ﬁlms and altered the nucleation behavior.

3.1. Phase characterization
GIXRD measurements were performed before and after rapid
thermal annealing the ﬁlms to assess the crystallinity and identify the phases present. These measurements conﬁrmed that the
as-deposited ﬁlms were amorphous to the extent discernable by
XRD (Fig. S1). Fig. 1 shows the GIXRD measurements performed
on annealed ﬁlms with oxygen concentration in the plasma varied from 7.1% to 8.0%. The positions of tetragonal (t), orthorhombic (o), and monoclinic (m) reﬂections in this region are shown
above the diffractogram. The ﬁlms with 7.1, 7.4, and 7.6% oxygen
in the plasma had an intense peak around 30.5° in 2θ . This peak
presents challenges in indexing due to similar d-spacings of the orthorhombic and tetragonal phases; therefore, it could be the result
of the orthorhombic (111) reﬂection, the tetragonal (101) reﬂection, or a superposition of the two reﬂections. These phases may
be differentiated by electrical property characterization where the
orthorhombic phase will display polarization hysteresis while the
tetragonal phase will have an antiferroelectric-like response. Low
intensity monoclinic phase peaks are discernable in the 7.4 and
7.6% oxygen samples but not the 7.1% sample. The ﬁlm deposited
with the highest concentration of oxygen in the plasma, 8.0%, contained peaks indexed as the monoclinic phase in addition to the
orthorhombic and/or tetragonal phases.
The relative orthorhombic + tetragonal (o+t) phase fractions
were calculated by ﬁtting the GIXRD patterns using LIPRAS ﬁtting
software [50] and taking the ratio of the integrated peak intensity
of the orthorhombic + tetragonal peak to the integrated intensity
t +o
sum of all three peaks, ( t +o 101+m 111 +m ). The relative o+t phase
101

111

1̄11

111

fractions are shown in Fig. 2. Also shown are crystallite sizes that
were calculated using Scherrer’s equation [42]. The ﬁlms deposited
with 7.1, 7.4, and 7.6% oxygen concentration in the plasma contain primarily orthorhombic + tetragonal phase with relative o+t
phase fractions greater than 0.9 and crystallite sizes of approximately 18 nm. The ﬁlm deposited with 8.0% oxygen had a relative
o+t phase fraction of 0.57 and a crystallite size of 14.9 ± 0.7 nm.
It should be noted that the crystallite size was calculated using the
orthorhombic + tetragonal peak, so the crystallite size calculation
for the 8.0% sample may be affected by its relatively lower signalto-noise ratio in comparison with the ﬁlms that contained primarily orthorhombic phase, as well as the smaller volume fraction of
orthorhombic + tetragonal phases that may result in smaller crystallites. Additionally, the crystallite size is measured in a direction
4
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Fig. 3. Nested polarization hysteresis measurements after ﬁeld cycling for the samples deposited with oxygen plasma concentrations of (a) 7.4%, (b) 7.6%, and (c)
8.0%. (d) Remanent polarization from PUND (closed circles) and relative permittivity
(open squares) versus% O2 in the plasma.

Fig. 4. Plan-view SEM images of ﬁlms with varying oxygen content during deposition.

3.2. Electrical characterization
Fig. 3 shows the polarization response of ﬁlms deposited with
(a) 7.4%, (b) 7.6%, and (c) 8.0% oxygen in the plasma following ﬁeld
cycling with 50 0 0 3 MV/cm square waves. The remanent polarizations obtained using PUND measurements and relative permittivity values, assessed as the initial permittivity from a Rayleigh formalism, are shown in Fig. 3(d). The previously discussed ﬁlm with
7.1% oxygen in the plasma was electrically shorted in the pristine
condition (before ﬁeld cycling), so the characterization of electrical properties focused on the ﬁlms deposited with higher oxygen
content in the plasma. Before ﬁeld cycling, the polarization hysteresis loops were pinched (Fig. S5), as is commonly observed for
hafnia-based ferroelectrics, and may be attributed, in part, to domain pinning or presence of the tetragonal phase. Relative permittivities of the three samples were 34, 35, and 26 for the 7.4, 7.6,
and 8.0% samples, respectively. After ﬁeld cycling, the loops opened
up, and the polarization response for all of the ﬁlms was wellsaturated, indicative of low leakage current contributions and large
orthorhombic phase contents. The ﬁlms deposited with 7.4% and
7.6% oxygen in the plasma had remanent polarization values of 8.0
and 8.7 μC/cm2 , respectively and similar coercive ﬁelds of +1.3/0.7 MV/cm. The 8.0% sample had a lower remanent polarization
of 3.5 μC/cm2 , lower saturation polarization, and coercive ﬁelds of
+0.6/-0.3 MV/cm. Relative permittivities of the ﬁlms after ﬁeld cycling were 34, 34, and 26 for the 7.4, 7.6, and 8.0% samples, respectively. The low permittivity of the ﬁlm deposited with 8.0% oxygen
in the plasma can be explained, in part, by the presence of the
monoclinic phase in this ﬁlm since the monoclinic phase is known
to have the lowest relative permittivity of the three phases [56].
The minimal changes in permittivities of the 7.4 and 7.6% samples
after cycling suggest that domain pinning was largely responsible
for the pinched hysteresis response before cycling and that wakeup-driven phase transformations had limited contribution to the
observed increase in remanent polarization. This indicates that the
diffraction data above is showing largely the orthorhombic phase
rather than a combination of tetragonal and orthorhombic phases.

Fig. 5. Average lateral grain size calculated using the line-intercept method on the
plan-view SEM micrographs with error bars representing 95% conﬁdence intervals.

inspection of these micrographs, the grains appear to be similar in
size and morphology. To further quantify the grain sizes, the lineal intercept procedure was used, and the mean intercept length
is reported in Fig. 5, with error bars representing 95% conﬁdence
intervals [57]. Quantiﬁcation of the mean intercept length reveals
sizes between 19.1 ± 1.3 and 20.6 ± 1.1 nm and virtually no difference in the lateral grain sizes between samples.
Composite conical dark-ﬁeld TEM micrographs of the ﬁlms are
provided in Fig. 6. Conical dark-ﬁeld was performed instead of conventional bright-ﬁeld imaging because all grains in the bright-ﬁeld
images had similar diffraction contrast. The conical dark-ﬁeld images were acquired with the same electron beam tilt-angle and
different rotations about the optic axis. Each composite conical
dark-ﬁeld image comprises three individual conical dark-ﬁeld images and allows the microstructure to be assessed over larger areas. The three different colors of the images represent grains that
satisfy diffraction conditions for the three different rotations. The
micrographs reveal that the ﬁlms are one grain thick. Furthermore, it was observed that the ﬁlms contain approximately 100 nm
wide clusters of similarly-oriented grains with average lateral grain
sizes of 20 nm, suggesting that these clusters are approximately
ﬁve grains across. The average in-plane grain diameters calculated
from measurements of 10 grains in each sample are shown in
Table 1 and are, in general, consistent with the plan-view measurements. Because of the presence of ferroelastic twin boundaries

3.3. Microstructural characterization
Since grain size was anticipated to play a signiﬁcant role in
phase stability in HfO2 thin ﬁlms, the microstructure was examined using plan-view SEM with images shown in Fig. 4. From visual
5
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Table 1
Average grain size and 95% conﬁdence interval from SEM images and average in-plane grain diameter and standard
deviation from dark-ﬁeld TEM images.

% O2 in Plasma

Average Grain Size
from SEM (nm)

95% Conﬁdence
Interval (nm)

Average Grain Diameter
from TEM (nm)

Standard Deviation
(nm)

7.4
7.6
8.0

19.5
19.1
19.9

1.0
1.3
1.2

28.66
22.15
14.14

12.64
12.31
3.55

oxygen vacancy concentrations via trap-assisted tunneling ﬁts for
HfO2 -based thin ﬁlms [34,51,58]. It is known that higher oxygen
vacancy concentrations result in higher leakage currents due to
oxygen vacancies acting as charge carrier traps and electroneutrality conditions dictating that each oxygen vacancy be compensated
by two electrons [59–61]. However, measurements of leakage current in the crystalline ﬁlms in this study (Fig. S6) revealed values
of 10−10 to 10-7 A/cm2 even at ﬁelds as high as 2.5 MV/cm. These
low leakage currents are consistent with the well-saturating polarization hysteresis measurements, which showed no indications
of leakage current artifacts despite the relatively low measurement
frequency. No obvious signature of trap-assisted tunneling could be
observed in these ﬁlms, and this precluded the use of the leakage
current measurement and ﬁtting approach to estimate oxygen vacancy concentrations.
3.5. Electron energy loss spectroscopy
EELS was conducted via TEM to further investigate the oxygen stoichiometry and electronic structure of the crystalline ﬁlms.
Fig. 7a shows the single-scattered O-K ionization edge, which measures excitations from O 1s core levels to unoccupied O 2p states
[62]. The energy-loss near-edge ﬁne structures (ELNES) provide information about the local electronic structure around the oxygen
ions [63]. A higher intensity in this region is indicative of more
oxygen in the ﬁlms, and a trend of higher signals with increasing oxygen in the plasma during deposition is evident. The doublet
peak, consisting of the peaks labeled A and B, at the edge onset
are due to crystal ﬁeld splitting of the Hf 5d states, which are hybridized with the O 2p states [64]. The reduced intensity of peak
A in comparison to peak B has been attributed to the presence of
oxygen vacancies in zirconium oxide, and has also been observed
in low-oxygen content ALD-prepared HfO2 ﬁlms [65,66]. The reduced intensity of peak A for the 7.4% oxygen sample is more pronounced in Fig. 7b, where the intensity was normalized to the
peak B maximum, indicating that this sample may have a higher
concentration of oxygen vacancies than the 7.6 and 8.0% samples.
Additionally, the 8.0% sample shows increased asymmetry of peak
A in comparison to the other samples. This is likely due to the
presence of the monoclinic phase, in addition to the orthorhombic/tetragonal phases, in this sample, which will lead to broadening of these peaks due to variations in bond lengths, angles, and
ion coordination [67,68].
Fig. 8 shows the low-loss EELS spectra for the samples. The
peak marked with the grey line results from a plasmon excitation
[69]. There are a number of factors that can affect the position of
this peak, including oxygen vacancy concentration. A shift in the
position of this peak indicates a change in carrier concentration,
where a shift to higher energy indicates more carriers [68]. The 7.4
and 7.6% oxygen samples have shifted to higher energies in comparison to the 8.0% sample, suggesting that these samples contain
more oxygen vacancies in agreement with previous research [68].
This is supported by the calculated stoichiometry, x in HfOx , shown
in Table 2, which was assessed using the O-K, measured from 530
to 560 eV (Fig. 7), and Hf-M edges, measured from 1650 to 1840 eV
(Fig. S7). Using edges separated by large energies can affect back-

Fig. 6. Dark-ﬁeld TEM images of annealed samples deposited with (a) 7.4, (b) 7.6,
and (c) 8.0% oxygen in the plasma. The red, blue, and green colors correspond to
data collected for different electron beam rotations about the optic axis.

in the monoclinic grains, the calculated average grain diameter is
effectively half of its actual size. Taking domains into account, the
dark-ﬁeld results agree with the conclusions drawn from the SEM
grain size measurements and the crystallite size measurements
from XRD data, which show that the grain size does not signiﬁcantly vary with oxygen content.
Combined, the SEM and TEM microstructure analysis showed
minimal variations in grain sizes for each sputter condition. However, X-ray diffraction and electrical analysis showed signiﬁcant
variations in phases present and ferroelectric behavior. These results suggest that the phase constitution and performance cannot
be explained by differences in grain size. The oxygen content in the
sputter atmosphere appears to play a much stronger role. Although
the oxygen content in the plasma during sputtering is known, it
is unknown how this affects the oxygen content in the deposited
ﬁlms and how the oxygen content may change after annealing.
Thus, several techniques were used to evaluate the oxygen content in the ﬁlms to enable the correlation of phase formation and
ferroelectric response with oxygen stoichiometry.
3.4. Leakage current measurements
To start, leakage current measurements were performed as an
indirect method to assess oxygen vacancy concentrations. Several groups have used leakage current measurements to estimate
6
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Fig. 7. (a) Single-scattered core-loss EELS spectra showing the O-K ionization edge of ﬁlms deposited with 7.4, 7.6, and 8.0% oxygen. (b) Doublet peaks (A and B) at the edge
onset with normalized maximum intensity of peak B.
Table 2
Compositions of the amorphous ﬁlms (from XPS) and crystallized ﬁlms (from XPS and
EELS).

% O2 in Plasma

x in HfOx from
EELS (Crystalline)

x in HfOx from XPS
(Amorphous)

x in HfOx from
XPS(Crystalline)

7.4
7.6
8.0

1.51
1.63
1.68

1.60
1.79
1.83

1.30
1.47
1.70

than the Hf 4f signal, resulting in compositions that are more oxygen deﬁcient. However, these values are similar to those obtained
from EELS measurements, and can be used for qualitative comparison. Thus, it is evident that the ﬁlms are oxygen-deﬁcient, and
the oxygen content increases as expected with the oxygen concentration in the plasma during deposition, consistent with the EELS
results.
To gain more insight into the electronic structure, Fig. 9 shows
the Hf 4f core levels for (a) amorphous and (b) crystalline ﬁlms
with the intensity normalized to the Hf 4f7/2 peak maximum. The
insets show the tail on the low binding energy side of the Hf 4f7/2
peak, which is known to correlate with the presence of a sub-oxide
Hf3+ peak. This signature has been attributed to the presence of
oxygen vacancies in which the two electrons remaining at the vacancy site from the removed neutral oxygen atom are distributed
among two neighboring Hf4+ atoms [70–73]. Evidence of this suboxide Hf3+ contribution is visible in the tail of the Hf 4f7/2 peak for
the amorphous ﬁlms deposited with 7.4 and 7.6% oxygen. Although
the intensity of the Hf3+ peak is too low to allow for a quantitative
assessment with a ﬁt, a comparison of the spectra shows a clear
trend: increasing contribution from the Hf3+ peak, and thus increasing concentration of charged oxygen vacancies correlates with
decreasing oxygen percentage during sputtering. The corresponding Hf3+ 4f5/2 peak is positioned in the valley between the Hf4+
doublet and leads, therefore, to a concomitant change in the depth
of this valley. In the crystalline ﬁlms, however, there are no observable differences in the tails of the Hf 4f7/2 peaks or in the valleys.
These results suggest that there is a larger concentration of positively charged oxygen vacancies in the amorphous ﬁlms than in
the ﬁlms after rapid thermal annealing and crystallization. This is
despite the stoichiometry quantiﬁcation by EELS and XPS showing
large oxygen deﬁciencies in both the amorphous and crystallized
states. It is speculated that after crystallization, the oxygen vacancies are neutral and have electrons trapped to their local sites; that
is, the electrons that charge compensate for the missing oxygen
are not localized at adjacent hafnium ions where they would be
expected to lower the hafnium valence.

Fig. 8. Low-loss EELS spectra for hafnium oxide with varying oxygen. The grey line
marks the center of the plasmon peak for the 8.0% sample.

ground ﬁtting and may result in quantiﬁcation errors. However,
the relative differences in the stoichiometries between samples are
able to be used for comparison. From this analysis, it can be observed that the sample deposited with the lowest amount of oxygen in the plasma is the most oxygen-deﬁcient, likely correlating
with a higher concentration of oxygen vacancies.
3.6. X-Ray photoelectron spectroscopy
To further investigate the oxygen content, XPS was used to
study ﬁlms in both the amorphous and crystalline states. The composition in the surface and near-surface region were obtained by
ﬁtting the Hf 4f and O 1s spectra to calculate the ratio of oxygen to
hafnium. The value of x in HfOx obtained from XPS for amorphous
and crystalline ﬁlms is included in Table 2. Because the O 1s core
electrons have a lower kinetic energy than the Hf 4f core electrons,
the adventitious carbon layer will attenuate the O 1s signal more
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Fig. 9. Hf 4f core levels for (a) amorphous and (b) crystalline ﬁlms with the intensity normalized to the Hf 4f5\7/2 peak maximum. The insets show the tail of the Hf 4f7/2
peak where evidence of a Hf3+ peak resides.

3.7. Positron annihilation spectroscopy
To further investigate the nature of the oxygen vacancies in
these ﬁlms, PAS was used. PAS is a sensitive technique used to
characterize defects and vacancies in solids [74]. When a positron
is implanted into a solid, it rapidly thermalizes within a few
picoseconds and then diffuses throughout the volume, where it
may be trapped at open-volume defects. The probability of trapping depends on the defect charge state, with the probability of
trapping at neutral or negatively charged states orders of magnitude above that for positively charged states at room temperature [75]. Trapped positrons are more likely to annihilate with
an electron than delocalized positrons, and the combined momentum results in a Doppler shift of the two annihilation photons. Because the momentum distribution of electrons in a defect differs
from that in the bulk, these defects can be detected by measuring the Doppler broadening spectra of annihilation radiation. The
change in Doppler broadening spectra is characterized by the S
(line shape) and W (wing) parameters, which describe different
shapes in the spectra [76]. A larger S value corresponds to a larger
concentration and/or volume of defects and vacancies, while the W
parameter provides information about the chemical and structural
environment.
Depth-resolved Doppler Broadening Spectroscopy was used to
obtain the S and W parameters of the three HiPIMS-deposited
HfO2 ﬁlms in both the amorphous and crystallized states. Fig. 10a
shows a plot of the S parameter versus W parameter for the oxide layer. Two standards, sintered bulk ceramic HfO2 and hafnium
metal, are shown in this plot in addition to the HiPIMS-deposited
HfO2 ﬁlms. The amorphous samples fall on a line that runs parallel to that connecting the sintered HfO2 and hafnium metal. This
implies that the positrons are experiencing an environment that
partially HfO2 and partially metal Hf and is consistent with the
presence of oxygen vacancies where the nearest neighbor atoms
around the missing oxygen would be hafnium atoms. Positrons,
owing to their positive charge, are most sensitive to neutral or
negatively charged vacancies or defects in materials. Based on defect chemistry, it may be expected that oxygen vacancies in HfO2
would be positively charged, so they would not effectively trap
positrons. However, neutral oxygen vacancies can exist if the electrons do not delocalize, and these vacancies can be responsible for
the change in S parameter observed here [61,77–79]. It is possible
that neutral Hf-O divacancies exist as well; however, the structural
disorder required given the high concentrations of oxygen vacancies as measured by EELS and XPS would suggest that these are not
the dominant defect. These results, therefore, indicate that neutral
oxygen vacancies are the dominant defect and that the concentra-

Fig. 10. (a) Positron annihilation spectroscopy S versus W parameters for amorphous and crystalline samples. Error bars are smaller than marker size. S parameter
versus% O2 in the plasma for (b) amorphous and (c) crystalline samples.

tion increases with decreasing oxygen content during sputtering
for the amorphous ﬁlms.
Fig. 10b and c show the S parameter versus percentage of oxygen in the plasma for the amorphous samples and crystalline samples, respectively. Overall, the crystalline samples have higher S parameters than the amorphous samples, demonstrating that these
ﬁlms have a higher concentration of defects detectable by PAS after annealing. This may suggest that there is an increase in the
population of neutral oxygen vacancies after crystallization. This
is consistent with the XPS spectra (Fig. 9) that showed a reduction in the Hf3+ peak that correlates with positively charged oxygen vacancies after annealing, in addition to the quantiﬁcation of
stoichiometry by XPS that demonstrated that the ﬁlms were more
oxygen-deﬁcient after crystallization (Table 2). Neutral oxygen vacancies would not manifest as an Hf3+ peak in XPS, but would be
more easily detectable by PAS. Further, these observations are consistent with the low leakage currents measured in these ﬁlms as
8
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the oxygen vacancy compensating electrons appear to not be ionized in the crystallized ﬁlms.
Additionally, the S versus W parameter trends of the crystalline
samples run perpendicular to the line connecting the sintered HfO2
and hafnium metal due to differences in their W parameters. This
indicates that there are differences in the chemical environment
that the positrons are experiencing related to coordination number. These differences in coordination number are supported by the
XRD data (Fig. 1), which showed that the sample prepared with
8.0% oxygen in the plasma contained signiﬁcant volume fractions
of monoclinic phase in addition to the orthorhombic and/or tetragonal phases and the ELNES EELS spectra, which showed complexity
in peak A for the 8.0% sample due to a difference in the distribution of bonding in this sample (Fig. 7c). Given the large concentrations of oxygen point defects in these samples, as quantiﬁed by
both EELS and XPS, it is plausible that defect clusters such as divacancies exist as well, which would impact the local environment
experienced by positrons.
Combined, the EELS, XPS, and PAS analysis show that the oxygen content in the plasma has a direct correlation with the amount
of oxygen and oxygen point defects present in the ﬁlms – both
in the amorphous and crystalline states. While measuring oxygen content precisely is challenging, the relative consistency of
the stoichiometries measured across the same samples with multiple techniques suggests that the oxygen vacancy concentrations
required to stabilize the ferroelectric phase in pure HfO2 are signiﬁcant. Furthermore, HfO2 phase stability is extremely sensitive to
the amount of oxygen present, and oxygen variations of less than
1% in the sputter gas atmosphere are suﬃcient to change nucleation behavior from being primarily the ferroelectric orthorhombic
phase to signiﬁcantly the non-ferroelectric monoclinic phase. The
small change in oxygen content in the sputter atmosphere leads to
large variations in oxygen content in the deposited ﬁlms. The XPS
data suggest that x can vary by as much as 0.2 in the amorphous
ﬁlms for a 0.6% change in sputter atmosphere oxygen content.
Additionally, the oxygen content boundary separating preparation
of the orthorhombic ferroelectric phase and the non-ferroelectric
monoclinic phase is relatively small at x of just ∼0.05. Fine control of oxygen content is, therefore, vital in the preparation of the
ferroelectric phase in pure HfO2 .
In the amorphous ﬁlms, a high concentration of oxygen vacancies was measured and observed across all three ﬁlms. The Hf3+
signature in XPS suggests that some fraction of these oxygen vacancies were ionized. In the crystalline state, large concentrations
of oxygen vacancies were still observed; however, they appear to
be largely neutral due to the lack of Hf3+ signature as well as
the extremely low leakage currents and the increased S parameter in the PAS experiments. The presence of these oxygen vacancies stabilizing the ferroelectric phase is consistent with many
other experimental reports as well as a recent computational result [80]. Furthermore, the computational predictions revealed that
the fraction of ionized vacancies should be many orders of magnitude lower than neutral vacancies in pure HfO2 . This is consistent
with the measurements in this study and conﬁrms that in this very
wide band gap ferroelectric, the oxygen vacancies do not necessarily ionize at room temperature and that high point defect densities can be tolerated without leading to performance-degrading
leakage currents. By comparison, HZO ﬁlms with high oxygen vacancy concentrations resulted in high leakage currents, and clear
trap-assisted tunneling [81]. It should be noted that HZO has been
reported to have a lower band gap than pure HfO2 for the same
phases [82], and that this lower band gap may result in lower barriers for ionization of electrons from oxygen vacancies leading to
higher leakage currents. It is also not clear what role carbon contamination in ALD-prepared ﬁlms may play in sub-band gap defect
states, but this work suggests that they may contribute to leakage

because large leakage currents and trap-assisted tunneling were
observed in undoped ALD-prepared HfO2 ﬁlms [34]. This indicates
that in the absence of chemical impurities, dopant-free HfO2 may
be more robust against leakage currents and attractive for devices
such as FTJs and FeFETs where non-direct tunneling and chargetrapping, respectively, impact device performance.
4. Conclusions
HiPIMS is a promising method to prepare ferroelectric HfO2
ﬁlms. It allows for high chemical purity and enabled the study of
oxygen defect impacts to phase nucleation and ferroelectric performance in pure HfO2 ﬁlms. Speciﬁcally, in this study, 20 nm
HfO2 ﬁlms were deposited from a high purity hafnium metal target via reactive HiPIMS with oxygen in the plasma varied from 7.1
to 8.0%. The ﬁlm deposited with the highest amount of oxygen
contained the monoclinic phase in addition to the orthorhombic
and/or tetragonal phases, while ﬁlms with lower oxygen contained
signiﬁcant fractions of the orthorhombic phase after crystallization.
These differences extended to electrical properties, where the 7.4
and 7.6% ﬁlms had the highest remanent polarization values of 8.0
and 8.7 μC/cm2 , respectively, and the 8.0% ﬁlm had a remanent
polarization of 3.5 μC/cm2 . Assessment of the microstructure of
these ﬁlms showed that the ﬁlms had similar grain sizes; however, the phases present and electrical properties varied, suggesting
that these differences cannot be explained by variations in grain
sizes. Several methods were used to assess the oxygen content in
the ﬁlms; EELS and XPS showed that the ﬁlms were signiﬁcantly
oxygen-deﬁcient, that lower oxygen content in the plasma resulted
in lower oxygen in the ﬁlms, and that the ﬁlms were more oxygendeﬁcient after annealing. Thus, differences in oxygen content and
oxygen vacancy concentration are responsible for the phase constitutions and electrical properties of these ﬁlms. Additionally, in
spite of the large oxygen non-stoichiometries in these ﬁlms, the
leakage currents remained extremely low. XPS measurements revealed the presence of Hf3+ in the amorphous phase, which signiﬁes the presence of positively charged oxygen vacancies, suggesting that the electrons compensating the oxygen point defects were
delocalized from the vacancies. In the crystalline samples, however, no Hf3+ signature could be observed, although the ﬁlms were
more oxygen deﬁcient. These results, combined with the low leakage currents and increased S parameter in PAS experiments, indicate that the electrons are localized to the oxygen point defects
and are not ionized. This study demonstrates that the properties
of ferroelectric HfO2 thin ﬁlms are highly sensitive to oxygen content and that high oxygen vacancy concentrations do not necessarily lead to large leakage currents. Controlling the concentrations of
oxygen vacancies in the ﬁlm preparation process is of utmost importance for enabling the integration of phase-pure hafnium oxide
into devices.
Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial interests or personal relationships that could have appeared to
inﬂuence the work reported in this paper.
Acknowledgments
This work was supported by the Semiconductor Research Corporation (SRC) within the Nanomanufacturing, Materials, and Processes (NMP) Program under task 2875.001. S.T.J. acknowledges
support from the U.S. National Science Foundation’s Graduate Research Fellowship Program under grant DGE-1842490. E.R.H. and
P.E.H. appreciate support from the Army Research Oﬃce, Grant No.
W911NF-16-1-0406. The XPS instrument acquisition (Reinke group)
9

S.T. Jaszewski, E.R. Hoglund, A. Costine et al.

Acta Materialia 239 (2022) 118220

was supported by a DURIP award (Oﬃce of Naval Research) Grant
N0 0 014-16-1-2842, program manager Dr. David Shiﬂer. This work
was performed, in part, at the Analytical Instrumentation Facility (AIF) at North Carolina State University, which is supported by
the State of North Carolina and the National Science Foundation
(award number ECCS-2025064). The AIF is a member of the North
Carolina Research Triangle Nanotechnology Network (RTNN), a site
in the National Nanotechnology Coordinated Infrastructure (NNCI).
Sandia National Laboratories is a multimission laboratory managed
and operated by National Technology and Engineering Solutions
of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear
Security Administration under contract DE-NA0 0 03525. This paper
describes objective technical results and analysis. Any subjective
views or opinions that might be expressed in the paper do not
necessarily represent the views of the U.S. Department of Energy
or the United States Government.

[17]

[18]

[19]

[20]

[21]

[22]

Supplementary materials
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.actamat.2022.118220.

[23]

References

[24]

[1] T.S. Böscke, J. Müller, D. Bräuhaus, U. Schröder, U. Böttger, Ferroelectricity in
hafnium oxide thin ﬁlms, Appl. Phys. Lett. 99 (2011) 102903, doi:10.1063/1.
3634052.
[2] K.J. Hubbard, D.G. Schlom, Thermodynamic stability of binary oxides in contact
with silicon, J. Mater. Res. 11 (1996) 2757–2776, doi:10.1557/JMR.1996.0350.
[3] D.G. Schlom, S. Guha, S. Datta, Gate oxides beyond SiO2 , MRS Bull. 33 (2008)
1017–1025, doi:10.1557/mrs2008.221.
[4] S.S. Cheema, D. Kwon, N. Shanker, R. dos Reis, S.-L. Hsu, J. Xiao, H. Zhang,
R. Wagner, A. Datar, M.R. McCarter, C.R. Serrao, A.K. Yadav, G. Karbasian, C.H. Hsu, A.J. Tan, L.-C. Wang, V. Thakare, X. Zhang, A. Mehta, E. Karapetrova,
R.V. Chopdekar, P. Shafer, E. Arenholz, C. Hu, R. Proksch, R. Ramesh, J. Ciston,
S. Salahuddin, Enhanced ferroelectricity in ultrathin ﬁlms grown directly on
silicon, Nature 580 (2020) 478–482, doi:10.1038/s41586- 020- 2208- x.
[5] J.F. Ihlefeld, D.T. Harris, R. Keech, J.L. Jones, J.-P. Maria, S. Trolier-McKinstry,
Scaling effects in perovskite ferroelectrics: fundamental limits and processstructure-property relations, J. Am. Ceram. Soc. 99 (2016) 2537–2557, doi:10.
1111/jace.14387.
[6] J. Müller, U. Schröder, T.S. Böscke, I. Müller, U. Böttger, L. Wilde, J. Sundqvist,
M. Lemberger, P. Kücher, T. Mikolajick, L. Frey, Ferroelectricity in yttriumdoped hafnium oxide, J. Appl. Phys. 110 (2011) 114113, doi:10.1063/1.3667205.
[7] S. Mueller, J. Mueller, A. Singh, S. Riedel, J. Sundqvist, U. Schroeder, T. Mikolajick, Incipient ferroelectricity in Al-Doped HfO2 thin ﬁlms, Adv. Funct. Mater.
22 (2012) 2412–2417, doi:10.1002/adfm.201103119.
[8] J. Müller, T.S. Böscke, U. Schröder, S. Mueller, D. Bräuhaus, U. Böttger, L. Frey,
T. Mikolajick, Ferroelectricity in simple binary ZrO2 and HfO2 , Nano Lett. 12
(2012) 4318–4323, doi:10.1021/nl302049k.
[9] S. Mueller, C. Adelmann, A. Singh, S.V. Elshocht, U. Schroeder, T. Mikolajick,
Ferroelectricity in Gd-doped HfO2 thin ﬁlms, ECS J. Solid State Sci. Technol. 1
(2012) N123, doi:10.1149/2.002301jss.
[10] S. Starschich, U. Boettger, An extensive study of the inﬂuence of dopants on
the ferroelectric properties of HfO2 , J. Mater. Chem. C 5 (2017) 333–338, doi:10.
1039/C6TC04807B.
[11] T. Shiraishi, K. Katayama, T. Yokouchi, T. Shimizu, T. Oikawa, O. Sakata,
H. Uchida, Y. Imai, T. Kiguchi, T.J. Konno, H. Funakubo, Impact of mechanical stress on ferroelectricity in (Hf0.5Zr0.5)O2 thin ﬁlms, Appl. Phys. Lett. 108
(2016) 262904, doi:10.1063/1.4954942.
[12] T. Shimizu, T. Yokouchi, T. Oikawa, T. Shiraishi, T. Kiguchi, A. Akama, T.J. Konno,
A. Gruverman, H. Funakubo, Contribution of oxygen vacancies to the ferroelectric behavior of Hf0.5Zr0.5O2 thin ﬁlms, Appl. Phys. Lett. 106 (2015) 112904,
doi:10.1063/1.4915336.
[13] R. Materlik, C. Künneth, A. Kersch, The origin of ferroelectricity in Hf 1−x Zr x
O 2 : a computational investigation and a surface energy model, J. Appl. Phys.
117 (2015) 134109, doi:10.1063/1.4916707.
[14] X. Tian, S. Shibayama, T. Nishimura, T. Yajima, S. Migita, A. Toriumi, Evolution
of ferroelectric HfO2 in ultrathin region down to 3 nm, Appl. Phys. Lett. 112
(2018) 102902, doi:10.1063/1.5017094.
[15] M.H. Park, Y.H. Lee, H.J. Kim, T. Schenk, W. Lee, K.D. Kim, F.P.G. Fengler, T. Mikolajick, U. Schroeder, C.S. Hwang, Surface and grain boundary energy as the key
enabler of ferroelectricity in nanoscale hafnia-zirconia: a comparison of model
and experiment, Nanoscale 9 (2017) 9973–9986, doi:10.1039/C7NR02121F.
[16] H.-S. Jung, S.H. Jeon, H.K. Kim, I.-H. Yu, S.Y. Lee, J. Lee, Y.J. Chung, D.-Y. Cho,
N.-I. Lee, T.J. Park, J.-H. Choi, S. Han, C.S. Hwang, The impact of carbon con-

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

10

centration on the crystalline phase and dielectric constant of atomic layer deposited HfO2 Films on Ge substrate, ECS J. Solid State Sci. Technol. 1 (2012)
N33, doi:10.1149/2.020202jss.
K.D. Kim, M.H. Park, H.J. Kim, Y.J. Kim, T. Moon, Y.H. Lee, S.D. Hyun, T. Gwon,
C.S. Hwang, Ferroelectricity in undoped-HfO2 thin ﬁlms induced by deposition
temperature control during atomic layer deposition, J. Mater. Chem. C 4 (2016)
6864–6872, doi:10.1039/C6TC02003H.
X. Liu, S. Ramanathan, A. Longdergan, A. Srivastava, E. Lee, T.E. Seidel,
J.T. Barton, D. Pang, R.G. Gordon, ALD of hafnium oxide thin ﬁlms from
tetrakis(ethylmethylamino)hafnium and ozone, J. Electrochem. Soc. 152 (2005)
G213, doi:10.1149/1.1859631.
T. Olsen, U. Schröder, S. Müller, A. Krause, D. Martin, A. Singh, J. Müller, M. Geidel, T. Mikolajick, Co-sputtering yttrium into hafnium oxide thin ﬁlms to produce ferroelectric properties, Appl. Phys. Lett. 101 (2012) 082905, doi:10.1063/
1.4747209.
T. Mittmann, M. Materano, P.D. Lomenzo, M.H. Park, I. Stolichnov, M. Cavalieri, C. Zhou, C.-C. Chung, J.L. Jones, T. Szyjka, M. Müller, A. Kersch, T. Mikolajick, U. Schroeder, Origin of ferroelectric phase in undoped HfO2 ﬁlms deposited by sputtering, Adv. Mater. Interfaces 6 (2019) 190 0 042, doi:10.1002/
admi.20190 0 042.
T. Mimura, T. Shimizu, H. Uchida, H. Funakubo, Room-temperature deposition
of ferroelectric HfO2 -based ﬁlms by the sputtering method, Appl. Phys. Lett.
116 (2020) 062901, doi:10.1063/1.5140612.
Y.H. Lee, H.J. Kim, T. Moon, K.D. Kim, S.D. Hyun, H.W. Park, Y.B. Lee, M.H. Park,
C.S. Hwang, Preparation and characterization of ferroelectric Hf0.5Zr0.5O thin
ﬁlms grown by reactive sputtering, Nanotechnology 28 (2017) 305703, doi:10.
1088/1361-6528/aa7624.
Q. Luo, H. Ma, H. Su, K. Xue, R. Cao, Z. Gao, J. Yu, T. Gong, X. Xu, J. Yin, P. Yuan,
L. Tai, D. Dong, S. Long, Q. Liu, X. Miao, H. Lv, M. Liu, Composition-dependent
ferroelectric properties in sputtered HfXZr1−XO2 thin ﬁlms, IEEE Electron Device Lett. 40 (2019) 570–573, doi:10.1109/LED.2019.2902609.
L. Xu, S. Shibayama, K. Izukashi, T. Nishimura, T. Yajima, S. Migita, A. Toriumi,
General relationship for cation and anion doping effects on ferroelectric HfO2
formation, in: 2016 IEEE International Electron Devices Meeting (IEDM), IEDM,
2016, pp. 25.2.1–25.2.4, doi:10.1109/IEDM.2016.7838477.
J. Bouaziz, P. Rojo Romeo, N. Baboux, B. Vilquin, Characterization of ferroelectric hafnium/zirconium oxide solid solutions deposited by reactive magnetron
sputtering, J. Vac. Sci. Technol. B 37 (2019) 021203, doi:10.1116/1.5060643.
T. Mittmann, M. Michailow, P.D. Lomenzo, J. Gärtner, M. Falkowski, A. Kersch, T. Mikolajick, U. Schroeder, Stabilizing the ferroelectric phase in HfO2 based ﬁlms sputtered from ceramic targets under ambient oxygen, Nanoscale
13 (2021) 912–921, doi:10.1039/D0NR07699F.
F. Ambriz-Vargas, G. Kolhatkar, R. Thomas, R. Nouar, A. Sarkissian, C. GomezYáñez, M.A. Gauthier, A. Ruediger, Tunneling electroresistance effect in a
Pt/Hf0.5Zr0.5O2 /Pt structure, Appl. Phys. Lett. 110 (2017) 093106, doi:10.1063/
1.4977028.
A. Anders, Tutorial: reactive high power impulse magnetron sputtering (RHiPIMS), J. Appl. Phys. 121 (2017) 171101, doi:10.1063/1.4978350.
E. Yurchuk, J. Müller, S. Knebel, J. Sundqvist, A.P. Graham, T. Melde,
U. Schröder, T. Mikolajick, Impact of layer thickness on the ferroelectric behaviour of silicon doped hafnium oxide thin ﬁlms, Thin Solid Films 533 (2013)
88–92, doi:10.1016/j.tsf.2012.11.125.
M.H. Park, H.J. Kim, Y.J. Kim, W. Lee, T. Moon, K.D. Kim, C.S. Hwang, Study on
the degradation mechanism of the ferroelectric properties of thin Hf0.5Zr0.5O2
ﬁlms on TiN and Ir electrodes, Appl. Phys. Lett. 105 (2014) 072902, doi:10.
1063/1.4893376.
S. Starschich, D. Griesche, T. Schneller, R. Waser, U. Böttger, Chemical solution deposition of ferroelectric yttrium-doped hafnium oxide ﬁlms on platinum electrodes, Appl. Phys. Lett. 104 (2014) 202903, doi:10.1063/1.4879283.
H. Chen, Y. Chen, L. Tang, H. Luo, K. Zhou, X. Yuan, D. Zhang, Obvious ferroelectricity in undoped HfO2 ﬁlms by chemical solution deposition, J. Mater. Chem.
C 8 (2020) 2820–2826, doi:10.1039/C9TC06400A.
T. Mimura, T. Shimizu, H. Funakubo, Ferroelectricity in YO1.5-HfO2 ﬁlms
around 1 μm in thickness, Appl. Phys. Lett. 115 (2019) 032901, doi:10.1063/
1.5097880.
A. Pal, V.K. Narasimhan, S. Weeks, K. Littau, D. Pramanik, T. Chiang, Enhancing ferroelectricity in dopant-free hafnium oxide, Appl. Phys. Lett. 110 (2017)
022903, doi:10.1063/1.4973928.
M. Materano, T. Mittmann, P.D. Lomenzo, C. Zhou, J.L. Jones, M. Falkowski,
A. Kersch, T. Mikolajick, U. Schroeder, Inﬂuence of oxygen content on the
structure and reliability of ferroelectric HfxZr1–xO2 layers, ACS Appl. Electron.
Mater 2 (2020) 3618–3626, doi:10.1021/acsaelm.0c00680.
M. Hoffmann, U. Schroeder, T. Schenk, T. Shimizu, H. Funakubo, O. Sakata,
D. Pohl, M. Drescher, C. Adelmann, R. Materlik, A. Kersch, T. Mikolajick, Stabilizing the ferroelectric phase in doped hafnium oxide, J. Appl. Phys. 118 (2015)
072006, doi:10.1063/1.4927805.
C.-K. Lee, E. Cho, H.-S. Lee, C.S. Hwang, S. Han, First-principles study on doping and phase stability of HfO2 , Phys. Rev. B 78 (2008) 012102, doi:10.1103/
PhysRevB.78.012102.
S.S. Fields, S.W. Smith, P.J. Ryan, S.T. Jaszewski, I.A. Brummel, A. Salanova, G. Esteves, S.L. Wolﬂey, M.D. Henry, P.S. Davids, J.F. Ihlefeld, Phase-exchange-driven
wake-up and fatigue in ferroelectric hafnium zirconium oxide ﬁlms, ACS Appl.
Mater. Interfaces 12 (2020) 26577–26585, doi:10.1021/acsami.0c03570.
P. Scherrer, Estimation of the size and structure of colloidal particles by Röntgen rays, Nachrichten Von Koniglichen Ges. Wiss. Zu Gottingen Math.-Phys. Kl.
2 (1918) 96–100.

S.T. Jaszewski, E.R. Hoglund, A. Costine et al.

Acta Materialia 239 (2022) 118220

[40] H.A. Hsain, Y. Lee, G. Parsons, J.L. Jones, Compositional dependence of crystallization temperatures and phase evolution in hafnia-zirconia (HfxZr1−x)O2
thin ﬁlms, Appl. Phys. Lett. 116 (2020) 192901, doi:10.1063/5.0 0 02835.
[41] M.H. Park, C.-C. Chung, T. Schenk, C. Richter, K. Opsomer, C. Detavernier,
C. Adelmann, J.L. Jones, T. Mikolajick, U. Schroeder, Effect of annealing ferroelectric HfO2 thin ﬁlms: in situ, high temperature X-Ray diffraction, Adv. Electron. Mater. 4 (2018) 180 0 091, doi:10.10 02/aelm.20180 0 091.
[42] A.A. Sokolov, E.O. Filatova, V.V. Afanas’ev, E.Y. Taracheva, M.M. Brzhezinskaya,
A.A.
Ovchinnikov,
Interface
analysis
of
HfO2
ﬁlms
on
(1\hspace0.167em0\hspace0.167em0)Si using x-ray photoelectron spectroscopy,
J. Phys. D Appl. Phys. 42 (2008) 035308, doi:10.1088/0022-3727/42/3/035308.
[43] O. Renault, D. Samour, J.-F. Damlencourt, D. Blin, F. Martin, S. Marthon,
N.T. Barrett, P. Besson, HfO2 /SiO2 interface chemistry studied by synchrotron
radiation x-ray photoelectron spectroscopy, Appl. Phys. Lett. 81 (2002) 3627–
3629, doi:10.1063/1.1520334.
[44] V. Cosnier, M. Olivier, G. Théret, B. André, HfO2 –SiO2 interface in PVD coatings,
J. Vac. Sci. Technol. A 19 (2001) 2267–2271, doi:10.1116/1.1382879.
[45] J. Libra, KolXPD Spectrosc. Data Meas. Process. (2011).
[46] D.A. Shirley, High-resolution X-Ray photoemission spectrum of the valence
bands of gold, Phys. Rev. B 5 (1972) 4709–4714, doi:10.1103/PhysRevB.5.4709.
[47] J.H. Scoﬁeld, Hartree-slater subshell photoionization cross-sections at 1254 and
1487 eV, J. Electron Spectrosc. Relat. Phenom. 8 (1976) 129–137, doi:10.1016/
0368-2048(76)80015-1.
[48] A. van Veen, H. Schut, M. Clement, J.M.M. de Nijs, A. Kruseman, M.R. IJpma,
VEPFIT applied to depth proﬁling problems, Appl. Surf. Sci. 85 (1995) 216–224,
doi:10.1016/0169-4332(94)00334-3.
[49] M.H. Weber, S. Karcher, R. Mohun, C. Corkhill, J. McCloy, Assessment of
positrons for defect studies in CeO2 materials, MRS Adv. 6 (2021) 119–124,
doi:10.1557/s43580- 021- 0 0 037-w.
[50] G. Esteves, K. Ramos, C.M. Fancher, J.L. Jones, Line-proﬁle analysis software
(LIPRAS), 2017.
[51] S.S. Fields, S.W. Smith, C.M. Fancher, M.D. Henry, S.L. Wolﬂey, M.G. Sales,
S.T. Jaszewski, M.A. Rodriguez, G. Esteves, P.S. Davids, S.J. McDonnell, J.F. Ihlefeld, Metal nitride electrode stress and chemistry effects on phase and polarization response in ferroelectric Hf0.5Zr0.5O2 thin ﬁlms, Adv. Mater. Interfaces
8 (2021) 210 0 018, doi:10.10 02/admi.20210 0 018.
[52] V.K. Narasimhan, M.E. McBriarty, D. Passarello, V. Adinolﬁ, M.F. Toney,
A. Mehta, K.A. Littau, In situ characterization of ferroelectric HfO2 during
rapid thermal annealing, Phys. Status Solidi RRL – Rapid Res. Lett. 15 (2021)
20 0 0598, doi:10.10 02/pssr.2020 0 0598.
[53] C. Han, S.J. Kwon, J. Yim, J. Kim, S. Kim, S. Jeong, E.C. Park, J.W. You, R. Choi,
D. Kwon, Effects of RTA rising time on ferroelectric characteristics of HfZrO2 ,
IEEE Trans. Electron Devices (2022) 1–4, doi:10.1109/TED.2022.3168237.
[54] M.H. Park, Y.H. Lee, T. Mikolajick, U. Schroeder, C.S. Hwang, Thermodynamic
and kinetic origins of ferroelectricity in ﬂuorite structure oxides, Adv. Electron.
Mater. 5 (2019) 1800522, doi:10.1002/aelm.201800522.
[55] M. Hyuk Park, Y. Hwan Lee, C. Seong Hwang, Understanding ferroelectric
phase formation in doped HfO2 thin ﬁlms based on classical nucleation theory, Nanoscale 11 (2019) 19477–19487, doi:10.1039/C9NR05768D.
[56] E.D. Grimley, T. Schenk, X. Sang, M. Pešić, U. Schroeder, T. Mikolajick,
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