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ABSTRACT: Hafnia−zirconia (HfO2−ZrO2) solid solution thin
films have emerged as viable candidates for electronic applications
due to their compatibility with Si technology and demonstrated
ferroelectricity at the nanoscale. The oxygen source in atomic layer
deposition (ALD) plays a crucial role in determining the impurity
concentration and phase composition of HfO2−ZrO2 within
metal−ferroelectric−metal devices, notably at the Hf0.5Zr0.5O2
/TiN interface. The interface characteristics of HZO/TiN are
fabricated via sequential no-atmosphere processing (SNAP) with
either H2O or O2-plasma to study the influence of oxygen source
on buried interfaces. Time-of-flight secondary ion mass spectrometry reveals that HZO films grown via O2-plasma promote the
development of an interfacial TiOx layer at the bottom HZO/TiN interface. The presence of the TiOx layer leads to the
development of 111-fiber texture in HZO as confirmed by two-dimensional X-ray diffraction (2D-XRD). Structural and chemical
differences between HZO films grown via H2O or O2-plasma were found to strongly affect electrical characteristics such as
permittivity, leakage current density, endurance, and switching kinetics. While HZO films grown via H2O yielded a higher remanent
polarization value of 25 μC/cm2, HZO films grown via O2-plasma exhibited a comparable Pr of 21 μC/cm2 polarization and
enhanced field cycling endurance limit by almost 2 orders of magnitude. Our study illustrates how oxygen sources (O2-plasma or
H2O) in ALD can be a viable way to engineer the interface and properties in HZO thin films.
KEYWORDS: Hf0.5Zr0.5O2, hafnia, zirconia, ferroelectric, orthorhombic, oxygen, texture

I. INTRODUCTION
Although the 100th anniversary of the discovery of
ferroelectricity was recently celebrated,1 ferroelectricity in
HfO2 has been intensively studied only for the last 10 years. In
that time, ferroelectricity has been achieved in HfO2 using
numerous deposition techniques2 and incorporated into
applications such as ferroelectric nonvolatile memories,3

ferroelectric tunnel junctions,4 supercapacitors and pyroelectric
energy harvesters,5,6 and brain-inspired neuromorphic comput-
ing.7 The reason for such a breadth of applications for HfO2
thin films lies in certain material properties, e.g., high bandgap
energy (>5 eV), complementary metal-oxide-semiconductor
(CMOS) compatibility, and most recently, its ability to
demonstrate ferroelectricity at the nanoscale.8 The polymorphs
of HfO2 (and isostructural ZrO2) include monoclinic (P21/c),
tetragonal (P42/nmc), cubic (Fm3̅m), and orthorhombic
(Pca21) where polymorphs can be described by a distorted
parent pseudo-cubic reference frame. The origin of ferroelec-
tricity in HfO2 has been ascribed to the polar orthorhombic
phase (s.g. Pca21).

9 While not predicted to be stable at room
temperature in the classical HfO2 temperature−pressure phase
diagram,2,10 the polar orthorhombic phase can be stabilized by
surface energy effects at low film thicknesses (<30 nm)11 but

also in bulk material (5 mm).12 In addition, the solid solution
of HfO2−ZrO2 can give rise to dielectric, ferroelectric, and
antiferroelectric properties by simply altering the Hf/Zr
ratio.3,13 Alloying HfO2 films with ZrO2 has the additional
advantage of lowering the crystallization temperature to 370
°C for 30 nm films, which can help to mitigate the appearance
of the deleterious nonferroelectric phase (e.g., monoclinic),
which often forms at higher temperatures.14 Here, we focus
our attention on the 1:1 Hf/Zr HZO composition, which is
reported to have the highest ferroelectric response.15,16

Ferroelectric HZO thin films are often fabricated via atomic
layer deposition (ALD) where an appropriate combination of
metalorganic precursor and oxygen source is required to
deposit high-quality inorganic films. Several studies have
highlighted the effect of different oxygen sources such as O2-
plasma, H2O, and O3 on electrical properties17−21 but few have
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considered the effects of ALD oxygen source on ferroelectric
properties and interface within the metal−ferroelectric−metal
(MFM) stack. The few representative studies investigating the
effect of different oxygen sources on the electrical and
ferroelectric properties of HZO are listed in Table 1. For
example, Alcala et al. studied the effects of using either O2-
plasma (designated herein as O2*) or ozone (O3) as an
oxidant source on 10 nm HZO films, both of which
demonstrated comparable remanent polarization values near
21 μC/cm2.20 While O3 and O2* are viable reactants for
producing HfO2 with ALD, highly reactive oxygen sources or
plasmas may be less favorable, for example, due to potential
damage during deposition on organic substrates, or due to
difficulty achieving ideal uniformity on high-aspect-ratio, three-
dimensional structures. Therefore, the development of robust
ALD processes using different oxygen sources must be
considered for different applications. Kim et al. grew 10 nm
HZO films via thermal ALD with H2O, which resulted in
devices with a Pr ∼ 19 μC/cm2 comparable to films processed
with O3, which generated a Pr ∼ 24 μC/cm2. Kim et al. posited
that hydrogen incorporation and additional carbon contami-
nation using H2O led to more degradation of ferroelectric
properties compared to films processed with O3.

21 Though
both the works of Alcala et al. and Kim et al. shed light on the
influence of oxygen source on the ferroelectric properties of
HZO, the reports do not uncover the role of the oxygen source
in interfacial properties, specifically the preferred orientation of
HZO when in contact with its electrode. Recent transmission
electron microscopy (TEM) studies have revealed that a strong
orientational alignment is present between HfO2-based films
with underlying TiN electrodes,22 while other studies have
highlighted that differences in interfacial oxidation in differ-
ently processed samples could affect the alignment and
accordingly change the phase formation in the ferroelectric
layer.23,24 X-ray photoelectron spectroscopy (XPS) studies by
Hamouda et al. and Baumgarten et al. revealed the importance
of processing conditions such as annealing temperature and
deposition method on the physical chemistry and oxygen
vacancy concentration at the TiN/HZO interface.25,26 It
follows that the choice of oxygen source used in ALD could
be an important processing factor in engineering the
structure−property relationships in HZO/TiN devices.
Here, we elucidate the influence of using either O2* or H2O

as the oxygen source during ALD on the interface character-
istics of the TiN/HZO/TiN capacitor. We perform detailed
structural (e.g., crystallographic texture, onset crystallization
temperature, chemical quality within HZO and at the interface

of HZO/TiN) and electrical (permittivity, leakage current,
endurance, switching kinetics) measurements to assess the
merits of using either O2* or H2O during ALD. Unique to our
study, we grow capacitors via sequential, no-atmosphere
processing (SNAP), where exposure to the ambient air is
minimized by maintaining vacuum during every layer
deposition, which has been found to reduce spontaneous
oxidation and carbon contamination. We find that ALD growth
via O2* results in HZO films with less carbon impurities and a
more pronounced TiOx interfacial layer, which affects the
development of 111-fiber texture in HZO. The presence of an
additional TiOx layer in O2*-processed HZO is found to
strongly influence electrical behaviors such as remanent
polarization, leakage, permittivity, endurance, and switching
kinetics. Overall, the results here demonstrate that altering the
ALD oxygen source can impact the interfacial formation and
the selection of oxygen source can be leveraged in the design of
future ferroelectric HZO thin-film devices.

II. METHODS
MFM stacks consisting of TiN/HZO/TiN were deposited onto SiO2/
Si substrates (VA semiconductors) after the substrates were rinsed
using isopropanol and acetone. The MFM stack was composed from
bottom to top: Si wafer/30 nm TiN/10 nm HZO/10 nm TiN and
was deposited sequentially without breaking vacuum during ALD
(Ultratech/Cambridge Fiji G2) using the sequential, no-atmosphere
processing (SNAP)16 procedure. The precursors used for this process
were tetrakis(dimethylamido)-hafnium(IV) (TDMAH), tetrakis-
(dimethylamido)-zirconium(IV) (TDMAZ), and tetrakis-
(dimethylamido)-titanium(IV) (TDMAT), and either water (H2O)
or oxygen plasma (O2*) as the oxygen source. These multilayer
capacitors are referred to here as HZO-H2O and HZO-O2*,
referencing the use of either H2O or O2-plasma as the oxygen source,
respectively. For TiN deposition, a gas flow of 110 sccm argon was
used to deliver the precursors and oxygen source into the ALD
chamber and Ar:N2 of 10:20 sccm was used to generate plasma for
TiN deposition. The temperatures for all precursors, delivery line, and
chamber were maintained at 75°, 150°, and 270 °C, respectively. TiN
deposition was accomplished via plasma-enhanced ALD using 250 W
plasma power for a period of 20 s, where 430 cycles were pulsed at a
growth rate of ∼0.6 Å/cycle. For ALD of HZO, the N2 purge pressure
was maintained at 10 mTorr and precursor, and oxygen reactant half-
cycles were pulsed at a pressure of 150−130 mTorr. For thermal ALD
of H2O-based HZO, Hf/Zr precursors were pulsed for 0.25 s followed
by a 5 s purge time, and then 0.1 s H2O was pulsed followed by a 5 s
purge time. For PE-ALD of HZO-O2*, Hf and Zr precursors were
pulsed for 0.25 s followed by 20 sccm of O2-plasma at 300 W for 6 s.
Alternating cycles of Hf and Zr precursors were pulsed for 100 cycles
with an approximate growth rate of 1.0 Å/cycle to obtain a 1:1

Figure 1. Chemical characterization of TiN/HZO/TiN MFM capacitors. (a) ToF-SIMS depth profile of HZO-H2O and HZO-O2* films showing
chemical species HfO2

−, ZrO2
−, 47TiN−, CN−, and 50TiO−. High-angle annular bright-field (HAABF) images of (b) HZO-H2O and (c) HZO-O2*

films annealed at 800 °C for 30 s. The white scale bar is equivalent to 10 nm.
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composition of an approximately ∼10 nm HZO thin film. The
thickness was confirmed via ellipsometry with a standard model for
HZO and TiN. MFM structures were then annealed via rapid thermal
annealing (AnnealSys AS-One) with a ramp rate of 10 °C/s to 400,
600, and 800 °C with a hold time of 30 s.

For electrical characterization, circular contact pads of 200 μm
diameter with 10 nm Ti/30 nm Pt were deposited via e-beam
evaporation through a shadow mask. MFM samples were
subsequently etched using a modified Standard Cleaning 1 (SC1)
etch H2O:30% H2O2:30% NH4OH 50:2:1 at 50 °C for 5 min.
Ferroelectric characterization was conducted using an aixACCT
System TF Analyzer 3000, where each measurement was conducted
on a pristine contact with no previous electrical history. For
polarization−electric field (P−E) loops, hysteresis measurements
were taken using a bipolar triangular waveform at 1 kHz and an
electrical field of 1−4 MV/cm. The endurance measurement was
conducted using a periodic square waveform with 100 kHz and an
electric field of 3 and 3.5 MV/cm, while five P−E measurements were
captured per decade on a log scale. Capacitance versus voltage
measurements were also measured on the aixACCT using a bipolar
small-signal capacitance−voltage measurement with a voltage sweep
up to 3 V with a 50 mV small-signal amplitude at 10 kHz.

Experimental details for analytical characterization including
grazing incidence X-ray diffraction (GIXRD), X-ray photoelectron
spectroscopy (XPS), time-of-flight secondary ion mass spectrometry
(ToF-SIMS), transmission electron microscopy (TEM), and scanning
electron microscopy (SEM) are included in the Supporting
Information.

III. RESULTS AND DISCUSSION
To investigate the chemical nature of TiN/HZO/TiN MFM
stacks as a function of layer depth, ToF-SIMS depth profiles
were acquired for films grown with either H2O or O2*. The
spectra for both films are overlaid in Figure 1a with blue and
red lines corresponding to HZO-H2O and HZO-O2*,
respectively. In both spectra, HfO2

− and ZrO2
− species were

evenly distributed in the middle layer and 47TiN− species were
sandwiched on either side of the HZO layer. There are several
notable differences between the ToF-SIMS spectra of HZO-
O2* and HZO-H2O. First, the intensity of the CN− signal
within the HZO layer is more than 10 times larger in HZO-
H2O films compared to HZO-O2* films. Higher carbon

concentration was expected for films processed with H2O due
to the lower oxidizing power of water over O2-plasma.27

Though ToF-SIMS allows for the relative comparison of
chemical species, given the probabilistic nature of the ion yield,
this analytical method does not provide exact atomic
concentration of various chemical species. XPS was employed
to determine the atomic concentration of Hf, Zr, O, N, Ti, and
C of a 10 nm HZO film processed with either H2O or O2-
plasma and annealed at 800 °C for 30 s. Fitting the survey
spectra generated the elemental quantification shown in Table
2, which confirmed the higher atomic percentage of carbon
species in HZO-H2O (19.8 atom %) compared to HZO-O2*
(14.4 atom %), as well as a slightly lower hafnium
concentration of 13.2 atom % versus 14.7 atom %, respectively,
which implies that O2-plasma produces a more complete ALD
reaction and allows for a higher removal of organic ligands
during the purge cycle. High-resolution spectra for Hf 4f, Zr
3d, O 1s, and C 1s are shown in Figure S1 and confirm the
trends noted from the survey scans. Note that the high carbon
concentration found by XPS is not only due to the presence of
unreacted ligands from ALD metalorganic precursors, but also
accounts for adsorbed hydrocarbons from exposure to the
atmosphere. The XPS quantification is consistent with our
previous depth profiling XPS work, which suggested ∼20 atom
% C on the surface of the film, which decreases to <5 atom %
when measured via depth profiling XPS within the MFM
stack.16

Finally, ToF-SIMS reveals that HZO-O2* films have a higher
50TiO− intensity at both oxide-electrode interfaces compared
to HZO-H2O films. Given that the bottom electrode is more
susceptible to oxidation during the ALD growth of the
overlaying oxide, the higher intensity of the 50TiO− species,
especially at the bottom TiN/HZO interface in HZO-O2*,
suggests that using O2-plasma at our specific ALD growth
conditions generates a more pronounced interfacial titanium
oxide.
The presence of an interfacial TiOx layer in HZO-O2* was

also confirmed via TEM (Talos F200X G2). Figure 1b,c shows
high-angle annular bright-field (HAABF) images for HZO-

Table 2. XPS Elemental Quantification of the Surface of 10 nm HZO-H2O and HZO-O2* Films on Si Annealed at 800 °C
oxygen (O 1s) [atom %] carbon (C 1s) [atom %] zirconium (Zr 3d) [atom %] hafnium (Hf 4f) [atom %] (Hf 4f + Zr 3d)/O 1s

HZO-H2O 51.2 ± 0.8 19.8 ± 0.5 15.9 ± 0.1 13.2 ± 0.1 0.56
HZO-O2* 54.4 ± 0.9 14.4 ± 0.4 16.5 ± 0.1 14.7 ± 0.1 0.57

Figure 2. GIXRD patterns for films annealed at 400, 600, or 800 °C processed with (a) H2O or (b) O2*. Intensities are normalized to the 002
reflection of TiN; (c) ratio of integrated peak areas of o(111)/o{002} reflection of polar orthorhombic HZO (Pca21) as a function of annealing
temperature for films processed with H2O (blue) or O2* (red). Reference orthorhombic HZO from PDF #: 04-005-5597.
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H2O and HZO-O2*, respectively. The thickness of the top
TiN, HZO, and bottom TiN layers for both films was found to
be approximately 10, 10, and 30 nm, respectively, consistent
with ellipsometry measurements. Higher scattering is expected
from materials composed of heavier elements, whereas
materials with lighter atomic mass allow for incident electrons
to penetrate more easily; thus, we expect to see high scattering
from the higher atomic mass and crystalline HZO layer
compared to the lighter TiOx. Figure 1b shows an interface in
HZO-H2O with very minimal oxidation. On the other hand,
Figure 1c shows a more pronounced and concentrated light
layer at the bottom HZO/TiN interface which is consistent
with the presence of a sub-1-nm-thick TiOx layer in HZO-O2*.
Taken together, ToF-SIMS, XPS, and TEM results indicate
that growing HZO films via PE-ALD using O2-plasma
promotes the preferential growth of a thicker interfacial TiOx
layer on the bottom TiN electrode and minimizes carbon
contamination within the HZO layer relative to thermal ALD
using H2O.
Given the differing HZO/TiN bottom electrode interfaces

present in the HZO-H2O and HZO-O2* film stacks, it was
hypothesized that the oxygen source used during ALD may
impact the microstructure of the films. GIXRD patterns for
HZO-H2O and HZO-O2* HZO capacitors annealed at 400,
600, or 800 °C are shown in Figure 2a,b, respectively.
Intensities are normalized to the integrated area of 002 TiN to
better perceive the intensity differences among films while the
diffraction geometry was kept constant across all measure-
ments. All films crystallized at temperatures as low as 400 °C
based on the appearance of several diffraction peaks. The peak
at 2θ ∼ 30.3° is ascribed to the orthorhombic 111 (herein
referred to as o111) and the peak at 2θ ∼ 35.6° corresponds to
a combination of the orthorhombic 200, 020, and 002
reflections (collectively referred to as o{200}). It should be
noted that the literature typically reports the peaks at 2θ ∼

30.3 and 35.6° as, respectively, a combination of the
overlapping orthorhombic (PDF #: 04-005-5597) and
tetragonal (PDF #: 04-011-8820) phases; however, no
evidence for antiferroelectric behavior typically attributed to
the presence of the tetragonal phase was found in the present
study and so only the orthorhombic phase is considered. In
both HZO-O2* and HZO-H2O, no monoclinic phase was
observed even after higher annealing temperatures of 800 °C.
A sharp peak near 52° observed in HZO-H2O can be ascribed
to the 311 reflection from the Si wafer.
It is interesting to note the higher relative intensity of the

o111 peak in HZO-O2* compared to that of HZO-H2O after
all annealing temperatures. In particular, the integrated peak
area of o111 for the HZO-O2* is over 2 times larger than the
integrated peak area of o111 for the HZO-H2O at 800 °C;
meanwhile, the o{002} peak for HZO-H2O has approximately
the same integrated area and intensity as the o{002} peak in
HZO-O2*. The differences in the relative peak areas between
HZO-H2O and HZO-O2* may be interpreted as either: (1) a
difference in overall orthorhombic phase fraction; or (2)
differences in preferred crystallographic orientation, i.e.,
texture. In our case, we ascribe the peak area differences
between HZO-H2O and HZO-O2* to differences in texture,
explained as follows. From the reference XRD pattern, each of
relative intensities of the orthorhombic 200, 002, and 020
reflections are reported as 12−14% compared to the maximum
intensity of the orthorhombic 111 reflection. According to the
reference XRD pattern of orthorhombic HZO, if the film had a
smaller overall orthorhombic phase fraction, then one would
expect to see a concurrent decrease in the intensity of the o111
along with the o{002} peak. However, this is not the case;
instead, the integrated area corresponding to the o{002} peak
in HZO-H2O is comparable to the integrated area correspond-
ing to the o{002} peak in HZO-O2*. Meanwhile, the o111
peak is smaller in HZO-H2O compared to HZO-O2*. Thus,

Figure 3. Two-dimensional X-ray diffraction (2D-XRD) characterization for texture analysis of HZO-H2O and HZO-O2* annealed at 800 °C for
30 s. (a) Schematic of X-ray geometry where scattering vector q is perpendicular to sample surface at 2θ = 30°, γ = 90°, Ω = 15° at a distance of 50
mm and 120 s exposure time. (b, c) 2D-XRD image of HZO-H2O and HZO-O2*, where star and cross symbol represent γ = 90°. (d) Residual
stress analysis using a modified sin2(ψ) approach plotted with lattice constant for the orthorhombic (111) plane (d111) for HZO-H2O (blue circles)
and HZO-O2 (red squares). (e, f) Integrated area of selected peaks as a function of azimuth angle for HZO-H2O and HZO-O2, respectively.
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the observed differences in o111 integrated area are likely due
to differences in texture present in HZO-H2O and HZO-O2*
films.
To better assess possible differences in texture in the two

films and their structural evolution with temperature, a
semiquantitative texture analysis was performed on HZO-
H2O and HZO-O2* films in which the ratios of the integrated
peak areas for o111 versus o{002} were compared. Figure 2c
shows the calculated ratio as a function of annealing
temperature. Each peak was fit to a Pearson-VII model profile
shape function using LIPRAS software (not shown).28 The
o111/o{002} ratio increases as a function of annealing
temperature for HZO-O2* while the ratio stays fairly constant
for HZO-H2O. At any given annealing temperature, the o111/
o{002} ratio is lower for HZO-H2O than for HZO-O2*. The
increase of o111/o{002} ratio in HZO-O2* indicates increased
diffraction from planes contributing to o111 rather than
o{002}. Given that the thickness of both films is nearly the
same, the increased diffraction intensity is attributed to an
increased fraction of preferentially oriented diffracting planes.
In other words, there are specific planes most aligned
perpendicular to the scattering vector (e.g., (111) of
orthorhombic and not the o{002} planes) for HZO-O2*
annealed at 800 °C. GIXRD analysis suggests that processing
films with different oxygen sources result in differences in
preferred orientation between HZO-H2O and HZO-O2* films.
Given the evidence for texture differences between HZO-H2O
and HZO-O2*, 2D-XRD measurements are conducted to
further characterize the degree of preferred orientation in films
annealed at 800 °C.
HZO-H2O and HZO-O2* films are investigated via 2D-

XRD using an area detector (D8 Venture) for texture
characterization. The goniometer geometry is illustrated in
Figure 3a and the Debye−Scherrer rings collected from HZO-
H2O and HZO-O2* are shown in Figure 3b,c, respectively.
The 2D-XRD image was segmented in the azimuth direction to
reduce 2D data into one-dimensional (1D) line patterns for
subsequent analysis. Selected peaks of HZO, TiN, and CeO2
were integrated over 2θ using LIPRAS and then plotted as a
function of azimuth angle (γ) from 40 to 140°. Further details
concerning texture analysis including calibration with CeO2 is
included in the Supporting Information. In polycrystalline films
that are randomly oriented, minimal change in intensity should
be observed as a function of azimuth angle, γ. Thus, given the
strong intensity variation of the TiN 002 peak as a function of
γ with a maximum at γ = 90° the TiN electrode is 001-textured
in both HZO-H2O and HZO-O2*. Meanwhile, we notice that

all other peak intensities in HZO-H2O are relatively constant
with γ except for the o{002} peak which shows a small increase
near γ = 70−110° which is consistent with weak 001-fiber
texture. The low peak intensity can be explained by
considering the structure factor of orthorhombic HZO where
the relative intensities of the orthorhombic 200, 002, and 020
reflections are individually only ∼12−14% of the maximum
intensity of the orthorhombic 111 reflection. In HZO-O2*, the
o111 peak shows a relatively strong intensity variation as a
function of γ consistent with 111-fiber texture. 2D-XRD
analysis is therefore consistent with the interpretation that the
development of a thicker interfacial TiOx layer in HZO-O2*
breaks the texture transference from 001-textured TiN and
instead leads to the development of 111-textured HZO.
TEM studies have shown a strong orientation alignment

between underlying TiN and HZO suggesting that the role of
HZO/TiN interface may affect the crystallographic orientation
of overlaying HZO.29 Specifically, the influence of oxygen
source on preferred crystallographic orientation in HfO2 thin
films has also been previously reported in the literature. Aarik
et al. observed differences in reflection intensities in HfO2 films
processed with HfCl4 and either O3 or H2O where the latter
oxygen source demonstrated preferred growth in the [001]
direction.18 Aarik et al. ascribed the preferred orientation in
H2O-processed films to originate from the selective formation
of hydroxyl groups on certain crystallographic planes. In our
study, one possibility for the differences in HZO texture found
in HZO-H2O and HZO-O2* films may be due to the
differences in the bottom HZO/TiN interface. As shown in
Figure 1, HZO-O2* possesses a more pronounced TiOx layer
than HZO-H2O. Given that the bottom TiN used in our MFM
capacitors is strongly 001-textured,16 the inclusion of a TiOx
layer may render an “interface-breaking” effect, i.e., a
disruption in how the underlying 001-textured TiN may
influence the formation of the texture of HZO. The interface-
breaking of TiN/HZO in HZO-O2* could thus encourage the
growth of more energetically favorable HZO {111} planes
which have a lower surface energy compared to the {001}
planes.30 Due to the direct contact between the bottom TiN
electrode and HZO-H2O film, inheritance of an 001 texture
from the TiN to the HZO layer may occur more readily which
would result in higher o{002} intensities relative to o111 found
in Figure 2a.
The biaxial stress state was assessed in both HZO films using

a modified sin2(ψ) approach,31 where both films were assumed
to exhibit isotropic elastic behavior. The observed changes in
d-spacing were plotted as a function of sin2(ψ) where γ was

Figure 4. Electrical characterization of HZO fabricated with H2O (blue) and O2-plasma (red). (a) Polarization versus electric field, (b) leakage
current density versus voltage (I−V).
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used as a near approximation to ψ for convenience. The d-
spacing of CeO2 was not found to vary as a function of γ,
which confirms that the variation of d111 for HZO-H2O and
HZO-O2* are not experimental artifacts. Additional details
regarding the biaxial stress calculation can be found in the
Supporting Information. Figure 3d shows lattice spacing
plotted as a function of sin2(γ). Using the slopes of the linear
fit (R2 ∼ 1) the in-plane biaxial stress for HZO-H2O and
HZO-O2 was calculated to be 4.2 ± 0.4 and 3.1 ± 0.3 GPa,
respectively. The linearity of the fit agrees with a biaxial stress
state that lacks shear components. The biaxial stress value
matches well with Fields et al. who calculated the biaxial stress
for a 20 nm film of Hf0.54 Zr0.46O2 to be 4.71 ± 0.4 GPa.32 Such
large in-plane tensile stresses in HZO are consistent with other
reports which claim that the stresses are a combined result of
processing steps and thermal expansion mismatch between the
HZO film and the underlying substrate.33,34 The higher biaxial
stress experienced by HZO-H2O may be explained by an
interface characterized by more direct contact with TiN which
has a larger thermal expansion coefficient (α = 10.27 × 10−6

°C−1)35 than TiO2 (α = 8.42 × 10−6 °C−1).36 The larger
mismatch in thermal expansion coefficient with HZO and
underlying TiN may have resulted in a larger in-plane biaxial
stress state in HZO-H2O. Previous studies have suggested that
tensile strain imposed by the underlying substrate may distort
the tetragonal cell and preferentially stabilize the orthorhombic
phase in HZO;24,37 thus, the ferroelectric properties are
expected to be impacted by the difference in biaxial stress
values found in HZO-H2O and HZO-O2.
Figure 4 shows the electrical characterization of HZO-H2O

and HZO-O2* films after rapid thermal annealing at 800 °C for
30 s. Figure 4a displays the polarization versus electric-field
(P−E) loop and current density versus electric-field (J−E) for
HZO-H2O (blue) and HZO-O2* (red), which are used to
extract the remanent polarization (Pr) value at 0 MV/cm. Note
that several P−E loops were obtained for each capacitor and
that Figure 4a illustrates a representative loop for each
capacitor in its pristine state, i.e., no previous cycling. The
extracted Pr values for HZO-H2O and HZO-O2* are 25 and 21
μC/cm2, respectively. Thus, the use of O2* during ALD
growth of HZO films is found to slightly decrease the
remanent polarization value relative to films grown using the
H2O source. The lower Pr observed in HZO-O2* contrasts
with several other studies that found HZO films produced with
stronger oxidizers (either O3 or O2*) led to a higher remanent
polarization value (see Table 1). The slightly lower Pr observed
in HZO-O2* is likely due to conditions related to the unique
SNAP fabrication of the MFM structure. Unlike conventional
fabrication where TiN and HZO layers are deposited in
separate chambers which requires vacuum breaking steps,
HZO-H2O and HZO-O2* capacitors are grown sequentially
within the ALD reactor without breaking vacuum. Thus, the
interface of HZO-H2O is especially pristine, i.e., lower
oxidation and contamination, because it has not been exposed
to ambient air which has been shown to introduce adventitious
carbon and oxidation and diminish the properties of the device.
Therefore using a stronger oxidant during ALD lessens the
effects of no-atmosphere deposition by generating an uninten-
tional TiOx layer. The slightly higher Pr observed in HZO-
H2O, on the other hand, may stem from a more pristine
interface, or conversely, the lack of TiOx growth.38 The
additional TiOx could impact HZO-O2* in several different
ways such as (1) by causing a slight voltage drop across the

interface film and reducing the field on the HZO layer when
the same external voltage is used, (2) by altering the oxygen
vacancy concentration leading to slightly different phase
composition, and/or (3) by promoting the development of
crystallographic texture which alters the film’s out-of-plane
polarization in response to an electric field applied
perpendicular to the surface of the film. Oxygen vacancies
are known to help stabilize the formation of the orthorhombic
phase by reducing the free energy of formation, reducing the
grain size, or providing additional nucleation sites in HZO thin
films.39,40 The observed higher Pr in HZO-H2O compared to
HZO-O2 could be attributed to the difference in oxygen
concentration where more oxygen vacancies may exist in
HZO-H2O due to the lower oxidizing power of H2O compared
to O2-plasma. XPS analysis of the O 1s spectra confirms the
lower oxygen content in HZO-H2O, whereas ToF-SIMS
indicated a higher concentration of the TiOx oxide at the
bottom interface of HZO-O2*. Since oxygen vacancies are
often generated when gettering TiN is in contact with HfO2,

41

the additional TiOx interfacial layer in HZO-O2* allows Ti to
react with excess oxygen from the interface and thus mitigates
oxygen diffusion and vacancy formation in HZO. The presence
of the TiOx layer may also act as a physical barrier and inhibit
the exchange of O and N between TiN/HZO, inhibiting N-
doping and/or oxygen vacancy formation in HZO-O2*.42
The third factor that may be responsible for the diminished

Pr observed in HZO-O2* is the 111-fiber textured HZO layer
as was suggested by 2D-XRD analysis. It is understood that the
spontaneous polarization vector (Ps) of orthorhombic HZO
(s.g. Pca21) lies along the c-axis and is parallel to the [001]
direction. Because Ps is not aligned parallel to the field
direction in an ideally oriented crystallite with a <111>
oriented normal to the film as found in HZO-O2*, a higher
field is theoretically required to switch the same number of
domains in the HZO-O2* sample compared to the more
preferentially oriented HZO-H2O. In summary, the slightly
diminished Pr found in HZO-O2* may be explained by several
factors originating from the more pronounced TiOx layer,
which could alter the voltage drop across the capacitor,
diminished oxygen vacancy concentration within the film, and/
or promoted 111-texture in HZO, which is not optimally
oriented in the direction of Ps, thus causing an observable
reduction in Pr.
The coercive field is expected to be higher in HZO-O2* due

to the factors described above, i.e., voltage drop and less
favorable texture for switching induced by the presence of
TiOx. However, Figure 4a shows that the +|Ec| is measured to
be 1.1 and 1.4 MV/cm for HZO-O2* and HZO-H2O,
respectively. The slightly lower +|Ec| in HZO-O2* can be
understood by considering the effect of a nonferroelectric on
the Ec and tilt of the P−E loop.38,43,44 Tagantsev et al. showed
that the pinching and tilt of the hysteresis loop in bulk
ceramics is an indicator of a passive layer residing between the
ferroelectric layer and electrode, where the passive layer is
related to the slope of the P−E loop via the following
relationship

d
L

E
Pd

c o

r (1)

where d is the thickness of the passive layer, L is the thickness
of the ferroelectric layer, Ec is the coercive field, εd is the
relative permittivity of the passive layer, and ε0 is the vacuum
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permittivity. Therefore, according to the Tagantsev et al.
model, the greater tilting of the P−E loop and lower Ec in the
case of the HZO-O2 originates from the depolarization field
generated by the thicker passivating layer at the HZO/TiN
interface in HZO-O2*.
Figure 4b shows the leakage current density as a function of

applied electric field (I−V) for HZO-H2O and HZO-O2* films
taken in their pristine state, i.e., noncycled. Both films show a
generally low leakage current density of 10−5 A/cm2 near the
coercive field of ∼1.0 MV/cm. We note, however, that HZO-
O2* shows an asymmetrical I−V curve, i.e., applying positive
DC bias tends to yield a lower leakage current density and
higher dielectric breakdown endurance compared to the
negative DC bias region. The observed asymmetry in the I−
V curve for HZO-O2* provides further evidence of an
asymmetrical interface where higher growth of TiOx at the
bottom HZO/TiN interface may have resulted in a preferential
voltage drop across the bottom dielectric interface.45 Such a
voltage drop could lead to the observed lower leakage current
density and increase the breakdown field limit (+2.7 versus
+4.0 MV/cm for HZO-H2O and HZO-O2*, respectively).
To further elucidate the impact of ALD oxygen source on

ferroelectric device properties, the kinetics of polarization
reversal are investigated for HZO-H2O and HZO-O2*. Figure
5a,b displays the speed of switching as a function of pulse
amplitude and width for HZO-H2O and HZO-O2*,
respectively. Experimental methods follow closely with
Materano et al.46 and details concerning the pulse train can
be found in the Supporting Information. In bulk or epitaxial
ferroelectric materials, switching behavior follows the Kolmo-
gorov−Avrami−Ishibashi (KAI) model, which describes the

nucleation and propagation of reversed domains where the
gate voltage follows a simple power law.47 It has been shown
that polycrystalline ferroelectrics deviate from the KAI model
given their higher impurity concentration and interface-
governed nucleation switching. In thin-film ferroelectric-metal
capacitors, domain nucleation typically occurs at the interface
and/or at one- or two-dimensional defects, which act as
heterogeneous nucleation sites.48 Domain nuclei may grow at
these sites and propagation becomes energetically favorable
once a critical nucleus size has been reached. Therefore, the
nucleation event rather than domain propagation is the
limiting factor for domain switching. In that case, the Du-
Chen model, built upon the Nucleation Limited Switching
(NLS) model, becomes suitable for describing frequency-
dependent polarization switching.49 Based on the Du-Chen
free energy model and classical nucleation theory, Mulaosma-
novic et al.50 derived the following expression for the average
nucleation waiting time

= *
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where τo and α are material-dependent constants that
represent the shortest nucleation time and a thermodynamic
contribution related to domain wall energy and switching
portions in the film, respectively; kB is the Boltzmann constant;
T is the temperature; and Vo is the activation voltage. Equation
2 can be rewritten to show that a linear relationship between
log(τ) and 1/V2 should exist and can allow for the material
constants τo and α to be extracted from the intercept and
slope, respectively. A strong linearity of 1/t versus 1/V2 in
Figure 5c in the range of 0.32 < 1/V2 < 0.45 indicates that the

Figure 5. Switching kinetics measurements for (a) HZO-H2O and (b) HZO-O2*. (c) Data extracted from 50% total switched polarization and
fitted to 1/t versus 1/V2 relationship, where t and V are the time and voltage necessary to switch 50% of the Pr,max plotted for both films,
respectively. (d) Log(t) versus V relationship used to extract the activation voltage Vo for both films.
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data fit well to eq 2 for both HZO-H2O and HZO-O2*. Note
that the nonlinearity found at values of 1/V2 < 0.32 (shaded
region) corresponds to an RC delay at high voltages and short
times.46 Within the linear region, a lower slope is observed for
HZO-O2* relative to HZO-H2O which indicates that the
impact of the applied field on domain nucleation is smaller for
HZO-O2*, while the minimum switching time τo is lower for
the HZO-H2O film.
To extract the activation voltage Vo, the dependence

between switching voltages is plotted against pulse time for
50% total realizable switched polarization in Figure 5d. Fitting
the data to eq 2, the activation voltages Vo are calculated to be
1.0 ± 0.05 and 1.15 ± 0.07 V for HZO-H2O and HZO-O2*,
respectively. These values are in good agreement with other
reports which typically cite a Vo within the range of the
coercive field of ∼ 1 MV/cm for 10 nm HfO2 films.46,51 It is
interesting to note here that the Ec of HfO2 films is unusually
high, whereas in conventional ferroelectric materials, e.g.,
PbTiO3, the Ec is typically one-tenth of the activation field (Ea
∼ Vo for 10 nm film).52,53 Typically, polarization occurs via
nucleation and propagation of reversed domains. Due to the
collective behavior of domain switching, the Ec is generally
reduced by a factor equivalent to the width of the domain
wall.54 In HfO2 thin films, however, the domain walls are
vanishingly thin and do not contribute to the reduction of the
coercive field. Lee et al. showed that weakly interacting domain
walls and zero group velocity of the polar modes in HfO2 cause
the domain walls to only propagate inefficiently by hopping
over a large energy barrier. Thus, reversing the polarization of a
single layer was found to be nearly energetically equivalent
(per layer) to reversing the polarization of all layers giving rise
to scale-free ferroelectricity in HfO2.

53

The lower activation energy for domain switching in HZO-
H2O is consistent with the observed faster τ in Figure 5 up to
∼ 5 × 10−4 s after which τ becomes faster for HZO-O2*. The
observed lower Vo in HZO-H2O may be due to a higher defect
concentration, i.e., carbon impurities, within HZO which
provides more nucleation sites for switching events to occur
according to the NLS model. To explain the larger activation
barrier Vo and the higher voltage required to switch HZO-O2*
at short waiting times, we consider the interface of HZO/TiN.
In HZO-O2* an additional interfacial oxide is present which
acts as an activation barrier for domain nucleation due to the
voltage drop across the ferroelectric. While this effect is
prominent for short waiting times, at a critical time ∼5 × 10−4

s, enough charge injection into the interfacial layer has

occurred that the field becomes saturated; as a result,
polarization switching becomes less dependent on applied
field.55,56 In addition, the TiOx layer not only acts as a physical
resistive element, reducing the voltage drop across the
ferroelectric, but it also breaks the influence of the 001 texture
in the underlying TiN on the HZO film texture. As was
reported by Lee et al., the spontaneous polarization vector is
tilted 55° away from normal in 111-textured domains in HZO
films, whereas in 001-textured HZO films, the spontaneous
polarization of domains is parallel to the normal direction.57

This means that with a field amplitude applied parallel to the
induced spontaneous polarization direction, the HZO-H2O
film with a higher fraction of 001-oriented poles is more
favorably oriented in line with the polarization axis. Thus,
domain switching is more energetically favorable in HZO-H2O
which explains the lower activation barrier for switching at
shorter waiting times. Comparatively, HZO-O2* only begins to
experience faster switching at longer time scales where the
switching probability becomes less voltage-dependent. To
explain this, we consider that ferroelastic switching in 111-fiber
textured films is less constrained by the substrate than in
randomly oriented or 001-oriented films.58,59 The theoretically
lower in-plane clamping effect in HZO-O2* is consistent with
the lower in-plane biaxial stress, σ22, determined via the
modified sin2(ψ) method. Thus, once a saturating field over
the additional TiOx has been achieved, the lowered mechanical
constraint of 111-textured HZO-O2* allows for faster switch-
ing.
The two effects of the TiOx layer described here, i.e., acting

as an additional interfacial resistive/capacitive element and
promoting preferential 111-textured domains in HZO, both
reduce the overall electric field contribution applied on
switching domains within the HZO layer in HZO-O2* and
leads to the macroscopically observed higher activation barrier
for switching. In the case of HZO-H2O, switching is more
energetically favorable, i.e., lower Vo, which may be due to its
preferentially oriented domains for switching, or the presence
of more defects as observed in ToF-SIMS and XPS. At longer
waiting times, switching becomes faster in HZO-O2* due to
the saturated field across the TiOx and the lower mechanical
boundary constraints. In terms of applications, the oxygen
source ought to be coupled strategically to the intended
functionality. For ferroelectric random access memory (FE-
RAM) applications, HZO-O2* would be the more advanta-
geous choice due to its higher switching speeds at operating
voltages ∼2.5 V.60,61 Therefore, the influence of oxygen source

Figure 6. Endurance measurements for HZO-H2O (blue) and HZO-O2* (red). (a) Fatigue measurements at 3.0 and 3.5 MV/cm and (b) small-
signal permittivity for pristine and fatigued capacitors cycled at 3.0 MV/cm for 106 and 104 cycles for HZO-H2O and HZO-O2* respectively.
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on switching kinetics should be carefully considered and
selected depending on the desired end-use requirements.
Endurance characteristics, i.e., the remanent polarization as a

function of cycle number for HZO-H2O and HZO-O2* taken
at 3.0 and 3.5 MV/cm cycling fields, are displayed in Figure 6a.
The magnitude of ± Pr is relatively stable for both HZO-H2O
and HZO-O2* until 103 cycles, suggesting little to no wake-up
effect. The endurance limit (number of cycles until break-
down) decreases for both HZO-H2O and HZO-O2* when
subjected to a higher cycling field of 3.5 MV/cm. After 103
cycles at 3.5 MV/cm, the increase in polarization in HZO-H2O
is likely due to electrostatic charge injection for repetitive field
cycling until dielectric breakdown.62 HZO-O2* at 3.0 and 3.5
MV/cm and HZO-H2O at 3.5 MV/cm experience a
diminishing of Pr after a certain number of cycles and the
closure of the memory window (difference between positive
and negative remanent polarization) which is a signature of
fatigue onset. Several fatigue mechanisms plague the ferro-
electric HfO2 system including domain pinning,62 seed
inhibition,63 and the formation of the passive dead layer.38

Generally, it is believed that dielectric degradation in
ferroelectric HZO occurs when electric field cycling leads to
charge injection leading to an increase in defect generation
where subsequent charge trapping causes the ferroelectric to
experience a lower effective field. The lower electric field across
the ferroelectric reduces the number of domains that are able
to participate in switching and leads to the observed
diminished Pr.

64

Generally, the endurance limit of HZO-O2* was found to be
higher than HZO-H2O for both cycling fields (∼107 versus
∼105 cycles, respectively). To explain the increased endurance
limit in HZO-O2* we consider the additional interfacial TiOx
layer and the higher oxygen concentration found in HZO-O2*.
Given that a common fatigue mechanism experienced in HZO
involves the generation of defects (possibly oxygen vacancies),
which modify the internal field and switching properties of the
capacitor, an excess oxygen supply at the interface of HZO-
O2* may balance the oxygen vacancy generation during field
cycling. Conversely, higher oxygen vacancy concentrations in
HZO-H2O could also lead to a more rapid accumulation of
defects during cycling and lead to faster breakdown. An
additional factor influencing the endurance may stem from the
differences in carbon impurity concentration between HZO-
H2O and HZO-O2* where a higher carbon concentration was
found in HZO-H2O due to unreacted metalorganic ligands
from incomplete ALD reaction. It is well known that higher
defect concentrations (and leakage current density) are
correlated with poor endurance properties in HZO-based
capacitors.65,66 Thus if a slight decrease in remanent
polarization may be tolerated, interface engineering via PE-
ALD with O2-plasma can be a viable route for increasing the
endurance limit and decreasing the leakage current density in
ferroelectric HZO films.
Figure 6b shows the dielectric permittivity-versus electric

field (εr-E) for HZO-H2O and HZO-O2* in their virgin and
cycled states. The permittivity at saturating DC field (∼3 MV/
cm) is εr ∼ 30 for both films, which suggests a predominately
orthorhombic phase as reported in the literature where the
theoretical permittivity εr ∼ 30 of orthorhombic HZO is
closely isotropic.67 The εr value extracted from the small-signal
permittivity measurements at saturating fields agrees well with
GIXRD data where a predominate composition of ortho-
rhombic phase was observed for both films. At the extrinsic

region near the coercive field ∼1 MV/cm the maximum
permittivity field is 37.5 and 47.5 for HZO-H2O and HZO-
O2*, respectively. The higher permittivity observed in HZO-
O2* suggests enhanced domain wall mobility and/or a faster
nucleation rate which would be consistent with observations
from high field switching kinetics measurements. Heightened
permittivity at the coercive field may be explained by the larger
ferroelastic domain wall contribution in HZO-O2* due to
reduced mechanical clamping as a result of 111-textured HZO
caused by the oxidized metal/oxide interface. Both HZO-H2O
and HZO-O2* showed a relatively stable permittivity value at
the maximum applied field but a decrease in permittivity at low
fields after applied fatigue cycling at 3.0 MV/cm. The trend of
consistent permittivity at saturating fields and lower
permittivity at low fields suggests that field cycling impacts
the extrinsic contributions (domain walls) and does not
strongly impact intrinsic contributions (phase composition). In
typical ferroelectric HZO films possessing some wake-up,
domains initially locked in a preferential polarization state
become de-pinned after electronic charges and related defects
redistribute across the ferroelectric layer and is consistent with
a decrease in permittivity at low fields near Ec.

62 With further
cycling domains may become pinned again due to an
increasing number of immobilized charged defects. Domain
de-pinning would increase the number of domains contribu-
ting to switching and subsequently increase the permittivity
measured at saturating DC fields. However, the permittivity at
saturating fields in both HZO-H2O and HZO-O2* did not
change considerably after fatigue cycling. The behavior shown
in Figure 6b is consistent with the seed inhibition mechanism
which Colla et al. described as when small grains/regions of
“ferroelectrically dead” material inhibit domain nucleation or
lock domains in one polarization state.63,68 The locking of
domains in one polarization state near the electrode, or seeds,
results in a decrease in polarization and permittivity without
changes to the number of pinned domain walls. Though HZO-
O2* experienced a higher change in permittivity from its
pristine to fatigued state, the capacitor experienced two
decades more of field cycling. Thus, the effect of oxygen
source was not found to alter the fatigue mechanism
experienced by HZO but instead using O2* instead of H2O
was found to increase the endurance limit and permittivity of
HZO-O2* capacitors.

■ CONCLUSIONS
We report the fabrication and characterization of TiN/HZO/
TiN MFM capacitors grown using either O2-plasma or H2O
during a fully in situ ALD procedure. Chemical analysis via
ToF-SIMS shows the presence of a thicker interfacial oxide at
the HZO/TiN interface for HZO-O2* and is confirmed via
TEM. GIXRD reveals that not only does the chemical interface
change with ALD growth via different oxygen sources but the
interfacial TiOx layer, which is more heavily promoted by O2*,
may also promote the development of 111-fiber texture in
HZO. Electrical investigation of both films reveals a slightly
smaller Pr of 21 μC/cm2 in HZO-O2* compared to 25 μC/cm2

in HZO-H2O. Though switching kinetics measurements
revealed a higher switching activation barrier in HZO-O2*
due to the more prominent interfacial oxide, HZO-O2*
demonstrated higher switching speeds and typical operating
voltages, which may be more advantageous to next-generation
ferroelectric memory applications.60,69 In addition, HZO-O2*
demonstrates a higher endurance limit by up to 2 decades and
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lower leakage current density than HZO-H2O. These results
elucidate relevant processing−structure−property relationships
in HZO films deposited via two different oxygen sources, H2O
and O2-plasma, and demonstrate that selection of an oxygen
source for ALD growth is an important consideration for the
interface design of HZO thin films.
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