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Understanding phase evolution of ferroelectric
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This study investigates the insertion traits of the Al2O3 and Y2O3 insertion layers (ILs) and their effects on

the phase evolution and electrical characteristics of polycrystalline Hf0.5Zr0.5O2 (HZO) thin films grown

by atomic layer deposition (ALD). The Al2O3 and Y2O3 ILs are located at the middle position along the

HZO film. The thick Al2O3 IL, above 2–3 ALD cycles, forms a continuous layer, physically separating

the upper and lower regions of the film. Conversely, the thin Al2O3 IL, below 2–3 ALD cycles, and all the

Y2O3 IL diffuse into the nearby HZO layers, making a single Al- or Y-doped HZO layer. The most crucial

finding is that the diffused trivalent Al and Y ions substitute the tetravalent Hf and Zr ions, creating

oxygen vacancies for charge neutrality and changing the phase evolutions. The substituted Al and Y

suppress the monoclinic phase and enhance the tetragonal phase. Ultimately, the study suggests a new

perspective on doped HfO2-based thin films, highlighting the crucial role of substitutional diffusion of

dopants and charge neutrality in determining the formation of the tetragonal phase.

1. Introduction

Research on the ferroelectric (FE) properties of HfO2-based
films has been accelerated since it was first reported in
2011.1–7 Various dopants such as Si, Al, Zr, Y, Gd, Sr, and La
are known to induce FE properties,1,8–14 and the Hf1�xZrxO2

solid solution system has garnered particular attention due to
its lower processing temperature and diverse material proper-
ties depending on the Hf : Zr composition ratio.11,15–25 The
changing characteristics of Hf1�xZrxO2 thin films, such as
dielectric (DE), FE, and field-induced ferroelectric (FFE) pro-
perties, are due to the formation of the monoclinic phase
(m-phase, space group: P21/c), orthorhombic phase (o-phase,
space group: Pca21), and tetragonal phase (t-phase, space
group: P42/nmc), respectively. Although the m-phase is the
thermodynamically stable crystalline phase at 1 atm and room
temperature, metastable o- and t-phases were achieved depend-
ing on doping concentrations, film thickness, and annealing

conditions during fabrication.11,15–25 Many studies reported the
phase transitions experimentally and theoretically, considering
thermodynamic parameters and kinetic transition barriers.
It is currently understood that grain size, oxygen vacancy,
interfacial/surface energy, and strain/stress could complexly
affect the free energy of each phase. In addition, the kinetic
energy barriers between the t-, o-, and m-phases also play a
crucial role in determining the final phase fraction after cooling
from the crystallization annealing.15–20,26–36

Doping with aliovalent ions affects all these aspects for
forming various phases. The influence of dopant size and
valency on the FE characteristics of polycrystalline, doped-
HfO2 films deposited by atomic layer deposition (ALD) is widely
recognized. It has been experimentally demonstrated that
dopants larger (Y, Gd, La, Sr) and smaller (Si, Al) than Hf ions
induce the cubic phase (c-phase, space group: Pm%3m) and
t-phase, respectively, with the appearance of FFE properties
limited to the smaller dopants.7,37,38 However, the precise origins
underlying these observed behaviors remain subject to ongoing
investigation.

When the films are grown by ALD, all the material, including
the dopants, are deposited layer-by-layer, which sometimes
interferes adversely with homogeneous doping. The behavior
of the inserted dopant layers at the sub-nm scale depends on
how the ALD cycles are arranged. For example, when six cycles
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of doping layers are inserted into 60 cycles of HfO2, the doping
layers could be inserted in a way that one per ten, two per
twenty, three per thirty, or six total in the middle of the HfO2

cycles. These dopant layer insertion methods may induce
different doping profiles.

Seo et al. systematically compared the effects of the Al2O3

and Y2O3 insertion layer (IL) on the crystallization and lattice
strain of the ZrO2 film when inserted in the middle of it.39 Both
dopants were trivalent ions, with the Al3+ and Y3+ ions smaller
and larger than the Zr4+ ion. The Al2O3 ILs with thicknesses
below B0.3 nm diffused into the ZrO2 films without causing
the ZrO2 film separation but imposing the in-plane tensile
stress. In contrast, thicker ILs above B0.3 nm formed a
continuous layer, effectively separating the upper and lower
parts of the ZrO2 films. However, the Y2O3 diffused into the
ZrO2 films without inducing film separation, regardless of the
thickness, leading to the generation of in-plane compressive
stress.39 They also reported the growth strain variation of the
undoped ZrO2 films depending on their thickness. The films
were grown on metallic TiN substrates. The observed shifts in
grazing-angle incidence X-ray diffraction (GIXRD) positions of
the t(111) peaks revealed that the thinner ZrO2 films were
subjected to strong in-plane compressive stress. However, an
increase in thickness resulted in the neutralization of the
in-plane compressive stress and a gradual transition to the
in-plane tensile stress, which was attributed to the Volmer–
Weber type growth.39 Generally, the ALD deposition of fluorite-
structured polycrystalline thin films on metallic or Si substrates
is known to exhibit the Volmer–Weber type growth.17,40–42

In the ZrO2 thin film, the t-phase is primarily stabilized
without undergoing phase transitions. Therefore, the observed
GIXRD t(111) peak shifts in the previous study were readily
attributed to the strain induced by diffused ions or growth
strain of the ZrO2 film.39 However, when the IL is inserted into
the Hf1�xZrxO2 system, the phase evolutions between t-, o-, and
m-phases may be influenced. The GIXRD peak most commonly
analyzed in the Hf1�xZrxO2 system is the o(111)/t(011) peak,
which appears near B30.61. However, accurately identifying
this peak is challenging due to the overlap of the o(111) and
t(011) peaks at similar positions. Moreover, strain resulting
from diffused ions and phase changes can affect the shifts in
GIXRD peaks for the doped Hf1�xZrxO2 system, further compli-
cating the interpretation.13,15,17,21,28

In this study, the Al2O3 and Y2O3 ILs are inserted into the
middle of Hf0.5Zr0.5O2 (HZO) films to investigate the influence
of dopants on phase changes. Trivalent dopants with ionic sizes
smaller (Al) and larger (Y) than the Hf and Zr ions, respectively,
were selected to ascertain whether ionic size plays a crucial role
in the phase formation, as previously reported.7,37,38 The find-
ings of this study revealed that the substitutional diffusion of
trivalent ions is the critical factor governing the stabilization of
the t-phase and the suppression of the m-phase in polycrystal-
line, doped-HZO films deposited by ALD.

In this study, the films were denoted as Alp(q nm) or
Yp(q nm), with the p referring to the ALD cycle number of ILs
and the q nm referring to the total thickness of the HZO layers.

For example, Al1(9 nm) and Y1(9 nm) indicate the 9 nm-thick
HZO film with one cycle of Al2O3 and one cycle of Y2O3,
respectively. HZO samples without any ILs were labeled as q
nm HZO.

In the subsequent sections, the undoped 5 nm HZO, 10 nm
HZO, and 19.5 nm HZO are evaluated first for comparison
with the Al2O3/Y2O3-inserted HZO films in the subsequent
sections. Then, the Alp(10 nm), Alp(19.5 nm), Yp(10 nm), and
Yp(19.5 nm) samples are evaluated to investigate the ILs’
insertion traits and their effects on the HZO phase changes.

2. Results and discussion

This study examines the alterations in the peak positions,
full width at half maximum (FWHM), and peak intensities of
the GIXRD patterns to identify the variations in the strain and
phases. The strain estimation from the 2y position shifts of
GIXRD peaks requires additional explanation. For the given
X-ray incidence angle relative to the film surface, 0.51 in this
case, the crystallographic plane with a diffraction angle of 2y is
inclined from the film surface direction by y � 0.51 (or its
normal vector is inclined from the surface normal direction
by the same angle). Therefore, the precise strain calculation
requires the conversion of the strain estimated from the
achieved 2y value to the surface normal direction, which
Mohr’s circle analysis could perform.17 However, when the 2y
value is B30 and 351 in this work, the difference between the
angle the two crystallographic planes are inclined from the film
surface direction (y �0.51) is minute, so the relative increase
(or decrease) in the 2y positions represents the decrease (or
increase) in d-spacing induced by the in-plane tensile (or compres-
sive) stress in the thin films. Therefore, the strain evolution by the
film growth or doping effect could be deduced by observing
changes in peak positions.

The relative increase (or decrease) of FWHM with changing
HZO thickness or IL cycles reflects the grain size reduction
(or increment). Similarly, changes in peak intensity indicate
variations in grain size, with increased (or decreased) intensi-
ties signifying increased (or decreased) grain size.

The commonly observed GIXRD peak for the HZO system is
the o(111)/t(011) peak. It has been extensively reported that the
o(111) and t(011) peaks overlap at 2y E 30.61, and an increase
in the t-phase relative to the o-phase leads to an increase in the
peak position.13,15,17,21,28 Consequently, the position of the
o(111)/t(011) peaks are influenced by both strain evolutions
and phase fraction changes in HZO films, posing a challenge in
distinguishing between these two factors.

Alternatively, the diffraction peaks near 2y E 35.51 could be
examined to address these challenges. These peaks have been
relatively less scrutinized in the past, although it has been
indicated that o(200), o(020), o(002), and t(110) peaks may be
overlapped.13 Park et al. reported the in situ XRD experiments of
Al-, Gd-, Sr-, and Si-doped HfO2 thin films with changing
temperatures.43 The diffraction peaks near B30.61 shifted to
lower positions with increasing temperature after crystallization,
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which implies the increased o-phase portion relative to the
t-phase. In contrast, the diffraction peaks near B35.51 (denoted
as o(002) peaks for simplicity) showed negligible shifts with
increasing temperature despite the transitions between the
o- and t-phases.43 Hence, the minimal peak shift of o(002) peaks
indicates that the phase portion changes between the o- and
t-phases do not affect the shift of these peaks, but only the
strain evolutions can do, in contrast to the o(111)/t(011) peaks.
Therefore, the subsequent sections scrutinize the contrasting
changes in o(002) and o(111)/t(011) peak positions to identify the
strain and phase evolution effects separately. In addition, the
aspect ratio (AR) and unit cell volume changes are observed to
confirm the deduced phase changes, as discussed later.

2.1 Undoped HZO film

Fig. S1(a) and (b) in the ESI,† show the background subtracted
GIXRD and the Gaussian deconvoluted curves of the 5, 10, and
19.5 nm HZO samples after post-metallization annealing
(PMA). Fig. 1(a) shows the changes in the 2y positions of the
deconvoluted o(002) and o(111)/t(011) peaks with changing
thickness, respectively. Both o(002) and o(111)/t(011) peaks of
the 10 nm HZO showed significant shifts to higher 2y positions
compared to the 5 nm HZO, suggesting that the thinner film
was under the in-plane compressive stress. In contrast, the
19.5 nm HZO did not display a noticeable shift compared to the
10 nm HZO, which is consistent with the Volmer–Weber type
growth mechanism.40–42 In the early island growth stage, trac-
tion between the island and the substrate is imposed, resulting
in compressive intrinsic stress. With further growth, the islands
coalesce to form grain boundaries and tensile stress is

generated due to the reduction in surface energy caused by
the grain boundary zipping.40–42 The increase in tensile stress
cancels out the compressive stress from the previous stage.
It continues until the increase in strain energy is balanced
with the decrease in surface energy and reaches a saturated
state.40,41 Hence, the relatively lower 2y positions of the 5 nm
HZO were attributed to the residual in-plane compressive stress
from the island growth stage. In contrast, the higher saturated
2y positions of the 10 and 19.5 nm HZO were attributed to the
release of the compressive stress and development of in-plane
tensile stress, coinciding with the previously reported growth
strain behavior in ZrO2 with changing thickness.39

Fig. 1(b) shows the changes in the FWHM values of the
deconvoluted o(002) and o(111)/t(011) peaks, respectively. The
FWHM of both o(002) and o(111)/t(011) peaks showed a gradual
decrease due to the grain size increase with the increasing
thickness. Fig. 1(c) shows the changes in the peak intensities of
the deconvoluted o(002) and o(111)/t(011) peaks, respectively.
Both peaks showed a gradual intensity increase attributed to
the enhanced grain growth with increasing HZO thickness.

Fig. 1(d) shows the relative m-phase fraction changes
with increasing thickness. The m-phase GIXRD peak areal
fraction was calculated using (Im(�111) + Im(111))/(Im(�111) +
Im(111) + Io(111)/t(011)), where Ix(hkl) denotes the areal intensity of
the x(hkl) peak in the GIXRD pattern.11,35 Previous studies
indicated the desirable rapid thermal annealing (RTA) tempera-
ture for the crystallization of HZO films to enhance their
FE properties and minimize the m-phase formation 450–
500 1C.2,15,29,34 This study employed a slightly higher RTA
annealing temperature of 525 1C to investigate the effect of

Fig. 1 The (a) peak positions, (b) FWHM, and (c) peak intensities of the o(002) and o(111)/t(011) peaks, and the (d) m-phase areal ratio for the undoped
5, 10, and 19.5 nm HZO films. Error bars are included for the peak positions and FWHM values from the standard deviation of the Gaussian fitting.
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the ILs on the m-phase formation (or suppression) more clearly
in the subsequent sections. The 5 nm HZO did not exhibit any
m-phase, whereas the 10 nm HZO and 19.5 nm HZO showed
a significant m-phase areal fraction increase up to B34% and
B44% due to the enhanced grain growth in the thicker
films.2,28,29,34,35 The peak positions, FWHM, peak intensities,
and m-phase areal fractions of the undoped HZO films
observed in this section serve as a reference in the subsequent
sections for the doped films.

2.2 Al2O3-inserted HZO film

Fig. S2(a) and (b) in the ESI,† show GIXRD patterns of the
as-deposited Alp(10 nm) and Alp(19.5 nm) samples, respec-
tively. The Al2O3 IL insertion did not significantly affect the
amorphous-like structure of the Alp(10 nm) films. However,
it slightly suppressed the as-deposited crystallization for
the thicker Alp(19.5 nm) HZO films, indicating a potential
reduction of the m-phase after PMA.35,44

Fig. S3(a) and (b) in the ESI,† show the background sub-
tracted GIXRD patterns and the Gaussian deconvoluted curves
of the 5, 10 nm HZO, and Alp(10 nm) samples after PMA.
Fig. 2(a) shows the changes in the 2y positions of the deconvo-
luted o(002) and o(111)/t(011) peaks for the Alp(10 nm) samples
with changing Al2O3 IL cycles, respectively, where p = 0 case
corresponds to the 10 nm HZO film. In Fig. 2(a), the blue and
red dashed lines indicate the positions of the 5 nm HZO film
for the o(002) and o(111)/t(011) peaks, respectively. In both
peak cases, the changes displayed differences for the Al1,
2(10 nm) and Al3, 4, 6, and 8(10 nm) samples. Both o(002)
and o(111)/t(011) peak positions of the Al1, 2(10 nm) samples
were shifted to higher 2y positions compared to the 10 nm
HZO. According to Seo et al., the shift of the peaks to a higher
position at low Al2O3 ALD cycles was attributed to Al3+ ions

(ionic radius: 53.5 pm) substitutionally diffusing into the Zr4+

sites (ionic radius: 72 pm) without interrupting the continuous
growth, causing in-plane tensile stress to the film.39 Due to the
similar radius of the Hf4+ ions (ionic radius: 72 pm) to the Zr4+

ions, a similar insertion trait is expected for the HZO films.
In contrast, the positions of the Al3, 4, 6, and 8(10 nm) films
show a value similar to the 10 nm HZO (2y B 35.521 for o(002)
and B30.641 for o(111)/t(011)). According to Seo et al., higher
ALD cycles of Al2O3 formed a continuous layer, physically
dividing the ZrO2 into two separate parts without diffusing into
the Zr4+ sites and did not impose doping-induced stress.39

Therefore, the similar peak positions suggested that the thicker
Al2O3 divided the 10 nm HZO films into two B5 nm parts.

To confirm these Al2O3 IL insertion traits for the HZO films,
spherical-aberration-corrected transmission electron micro-
scopy (Cs-TEM) images of Al1(9 nm) and Al5(9 nm) after PMA
are presented in Fig. 3(a) and (b), respectively. The Al1(9 nm)
exhibited a well-crystallized single layer, suggesting that the
extremely thin IL (B0.1 nm) did not disrupt the continuous
growth and diffused into the nearby HZO films. In contrast,
the Al5 IL (B0.5 nm) separated the HZO film into the upper
and lower layers. These results were further supported by the
inverse fast Fourier transform (iFFT) images in the inset
figures, as well as the magnified images in Fig. 3(c) and (d).
These TEM results corroborate the GIXRD results in Fig. 2(a).
Therefore, the subsequent parts explain the Al1, 2(10 nm) and
Al3, 4, 6, and 8(10 nm) samples separately.

When comparing the position shifts of the Al1, 2(10 nm)
samples in Fig. 2(a), it is noteworthy that the o(111)/t(011)
peaks showed larger shifts compared to the o(002) peaks.
Considering the minimal difference in inclination angles
between the normal direction of the o(111)/t(011) and o(002)
planes to the film surface normal direction, the eo(111)/t(011)

Fig. 2 The (a) peak positions, (b) FWHM, and (c) peak intensities of the o(002) and o(111)/t(011) peaks, and the (d) aspect ratio, (e) unit cell volume, and
(f) m-phase areal ratio for the Alp(10 nm) films. The 5 nm HZO is also added for comparison with blue (o(002) peak) and red (o(111)/t(011) peak) dashed
lines. Error bars are included for the peak positions and FWHM values from the standard deviation of the Gaussian fitting. Error bars of the aspect ratio and
unit cell volume are estimated from the error of the peak positions of the o(002) and o(111)/t(011) peaks.
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strain induced by Al diffusion on the o(111)/t(011) planes
should be similar to the eo(002) strain on the o(002) planes.
Therefore, the observed differences in peak shifts should not be
as pronounced as observed, suggesting factors other than in-
plane tensile stress from Al diffusion may have additionally
contributed to the observed o(111)/t(011) peak shifts. It can
be assumed that the o(002) peaks were shifted by only the in-
plane tensile stress from the diffused Al ions. In contrast,
the o(111)/t(011) peaks may have been additionally shifted by
an increased t(011)/(t(011) + o(111)) phase portion, as further
discussed later.

When observing the peak positions of the Al3, 4, 6, and
8(10 nm) samples, it is noticeable that they have higher 2y
values than those of the 5 nm HZO, although the thicker ILs
separate the 10 nm thick HZO film into two B5 nm HZO parts.
As explained in the previous section, the bottom B5 nm HZO
part must be influenced by the in-plane compressive stress
from the nucleation.40–42 However, the top parts were grown on
the amorphous Al2O3 layer, and consequently, the residual
in-plane compressive stress could be released, shifting the peak
positions to slightly higher 2y values than the 5 nm HZO film.
This shift must be more pronounced as the GIXRD is more
sensitive to the top part of the film.

Fig. 2(b) shows the changes in the FWHM of the o(002) and
o(111)/t(011) peaks for the Alp(10 nm) samples with changing
Al2O3 IL cycles, respectively. The FWHM values of the Al1,
2(10 nm) for the o(002) (B0.95–1.26) and o(111)/t(011)
(B0.96–1.04) peaks were similar to those of the 10 nm HZO
(o(002): B1.04/o(111)/t(011): B0.95) since the interposed Al2O3

did not separate the HZO layer or disrupt the grain growth.
In contrast, the FWHM values of the Al3, 4, 6, and 8(10 nm) for

the o(002) (B1.54–1.64) and o(111)/t(011) (B1.46–1.48) peaks
are similar to those of the 5 nm HZO (o(002): B1.65/o(111)/
t(011): B1.50), also corroborating the layer separation effect of
the thick Al2O3 layer.

Fig. 2(c) shows the changes in the peak intensities of the
o(002) and o(111)/t(011) peaks for the Alp(10 nm) samples with
changing Al2O3 IL cycles, respectively. The o(002) and o(111)/
t(011) peak intensities of the Al3, 4, 6, and 8 (10 nm) were
approximately twice that of the 5 nm HZO, confirming the
presence of two separated B5 nm HZO layers. The o(002) peak
intensities of the Al1, 2(10 nm) samples are comparable to
those of the 10 nm HZO since the thin IL does not separate the
10 nm HZO film.

To confirm the speculations from peak positions shifts that
the diffused Al enhanced the t(011)/(t(011) + o(111)) phase
portion, the AR and unit cell volume changes were examined,
as shown in Fig. 2(d) and (e), respectively. Park et al. suggested
that the AR and unit cell volume are lower in the t-phase rich
film than in the o-phase rich case for the polycrystalline HfO2-
based thin films.13 It was extensively reported that the propor-
tion of the o- and t-phases could be evaluated by observing the
two factors.13,43 The AR and unit cell volume change could be
calculated from the peak positions in Fig. 2(a). The lattice
parameters were calculated from interplanar spacing d111 and
d002 of o(111)/t(011) and o(002) peaks under the assumption
that the differences of two shorter axis latter parameters were
negligible. The AR (o-phase: 2a/(b + c), t-phase: c/a) and the unit
cell volume (a � b � c) were calculated from the lattice
parameters.13,43

For the Al1, 2(10 nm) samples, the AR and unit cell volume
values were lower than the 10 nm HZO, indicating the enhanced
portion of the t-phase relative to the o-phase. The decreased
percentage of the AR values was B0.6–0.9%, smaller than the
theoretical AR differences between the t- and o-phases (B2%),
indicating the co-existence of the o-phase in these films. However,
the decreased percentage of the unit cell volume was B1.2–1.9%,
comparable to the theoretical unit cell volume differences
between the t- and o-phases (B1.5–2%).43 This finding is because
the Al-doping generally decreases the unit cell volume due to its
smaller ionic radius than Hf4+ and Zr4+ ions.13 The AR and unit
cell volume values of the Al3, 4, 6, and 8(10 nm) samples showed
minimal changes since the division of the HZO films did not
significantly affect the relative portion changes between the o- and
t-phases as the diffused Al cases. The AR and unit cell volume
changes correlated well with phase changes deduced from
comparatively observing the o(002) and o(111)/t(011) peak shifts,
confirming its validity.

Fig. 2(f) shows the relative m-phase fraction changes for the
Alp(10 nm) samples with changing Al2O3 IL cycles. The Al3, 4, 6,
and 8(10 nm) exhibited complete suppression of the m-phase
due to the interrupted grain growth.2,28,29,34,35 This m-phase
areal fraction was equal to the undoped 5 nm HZO, as the films
were separated into two B5 nm-thick HZO layers.

The Al1, 2(10 nm) showed a markedly decreased m-phase
areal fraction (B15%) compared to the 10 nm HZO (B34%),
despite the Al2O3 not interrupting grain growth. The decreased

Fig. 3 The Cs-TEM images of the (a) Al1(9 nm) and (b) Al5(9 nm) films,
with the iFFT images of the regions indicated by the red squares. The
magnified images of the regions indicated by the red squares are shown in
(c) Al1(9 nm) and (d) Al5(9 nm), respectively.
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m-phase must lead to the increase of the o- or t-phase portions
in the films. Through a comparative analysis of the o(002) and
o(111)/t(011) peak shifts, along with calculations of AR and unit
cell volume of the Al1, 2(10 nm) films, it was concluded that
there was an increased t/(o + t) phase portion with Al diffusion.
Therefore, the dominant effect of Al diffusion appears to
change the m-phase to the t-phase. The electrical characteris-
tics tests were conducted to validate this hypothesis.

Fig. 4(a) shows the polarization–electric field (P–E) curves of
the Alp(10 nm) samples in the pristine state (dotted curve for
the 10 nm HZO for comparison). Fig. 4(b) shows the 2Pr and the
+Ec � (�Ec) changes of the P–E curves displayed in Fig. 4(a).
The 5 nm HZO film was too electrically leaky to achieve reliable
P–E curves. The P–E data displayed distinct differences for
the diffused Al2O3 and continuous Al2O3 samples, which
is consistent with the GIXRD data. The Al1, 2(10 nm)
samples showed antiferroelectric (AFE)-like P–E curves with
lower 2Pr (B22.8–24 mC cm�2) and +Ec � (�Ec) values (B1.9–
1.95 MV cm�1) compared to the 10 nm HZO, confirming that
the Al diffusion decreased the m-phase and increased the t-
phase. The curves did not show a complete AFE curve, as
typically observed in the Zr-rich Hf1�xZrxO2 (0.7 r x r 1),
due to the co-existence of the o-phase in these films.4,21,45 On
the other hand, the Al3, 4, 6, and 8(10 nm) samples exhibited
FE-like P–E curves with a slightly slanted shape. This behavior
could be attributed to the marginal increase in the t/(o + t)
phase portion caused by the reduced thickness of two separated
B5 nm HZO layers, attributed to the lower surface energy of the
t-phase than the o-phase.15,34,35 Nevertheless, the 2Pr values
(B34.7–36.5 mC cm�2) were higher than the Al1, 2(10 nm)
samples, confirming a substantially more dominant o-phase
portion in these films. These samples displayed higher
+Ec � (�Ec) values (B2.75–3.02 MV cm�1) than the 10 nm
HZO, as the continuous Al2O3 layer acted as a series resistor
during the FE switching.28,46 The gradual increase of the
+Ec � (�Ec) values with increasing Al cycles (3–8 cycles) was
attributed to the increasing tunneling resistance of the IL film
with increasing its thickness.28,46

Similar GIXRD and P–E analyses were performed for 10,
19.5 nm HZO, and Alp(19.5 nm) samples to validate these
trends further. Fig. S4(a) and (b) in the ESI,† show the back-
ground subtracted GIXRD patterns and the Gaussian deconvo-
luted curves of the 10, 19.5 nm HZO, and Alp(19.5 nm) samples
after PMA. Fig. S5(a)–(f) in the ESI,† show the peak position,
FWHM, peak intensity, AR, unit cell volume, and m-phase areal
ratio. The changes in these parameters for the Alp(19.5 nm)
films indicated similar insertion effects and phase changes
with the Alp(10 nm) samples. The thinner Al2O3 diffused
into the nearby HZO, which reduced the m-phase and
enhanced the t-phase. The thicker Al2O3 divided the HZO into
two B10 nm parts.

However, there were several differences from the thinner
film cases. For the Al3, 4, 6, and 8(10 nm) cases, both the o(002)
and o(111)/t(011) peak positions showed noticeably higher
shifts compared to those of the 5 nm HZO. However, the
o(002) and o(111)/t(011) peak positions of the Al2, 3, 4, 6, and
8(19.5 nm) samples show negligible shifts compared to those of
the 10 nm HZO. This difference is because the lower B10 nm
HZO part of the Al2, 3, 4, 6, and 8(19.5 nm) samples were not
influenced by the growth strain effects at this thickness, as
explained in the previous section.

Also, Al2, 3, 4, 6, and 8(19.5 nm) samples showed retained
m-phases with a peak areal fraction of B29–33%, in contrast
to the Al3, 4, 6, and 8(10 nm) samples, where the m-phase was
not observed. This difference was due to the thicker films
being separated into two B10 nm-thick HZO layers, showing
a similar m-phase areal fraction to the undoped 10 nm
HZO (B34%). Additionally, the AR and unit cell volume of
Al1(19.5 nm), with the diffused Al2O3, decreased compared to
the 19.5 nm HZO by B0.3% and B0.5%, showing smaller
decreases compared to the Al1, 2(10 nm) cases in Fig. 2(d) and (e),
indicating that the t-phase enhancement effects of the diffused
Al2O3 for the Al1(19.5 nm) were less pronounced than the thinner
Al1, 2(10 nm) films.

Fig. S6(a) and (b) in the ESI,† show the P–E curves and the
changes in the 2Pr and +Ec � (�Ec) values of the Alp(19.5 nm)

Fig. 4 (a) P–E curves and the (b) changes in the 2Pr and +Ec � (�Ec) values of the 10 nm HZO with insertion of changing ALD cycles of Alp(10 nm) in the
middle of films.
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samples in the pristine state. The Al2, 3, 4, 6, and 8(19.5 nm)
samples displayed increased 2Pr values due to the layer separa-
tion reducing the m-phase and enhancing the o/(m + o + t)
phase portion in the films. The Al1(19.5 nm) sample with the
diffused Al2O3 showed reduced 2Pr and +Ec � (�Ec) values
compared to the undoped 19.5 nm HZO film, confirming that
the diffused Al reduced the m-phase and enhanced the t-phase.
However, the impact of diffused Al2O3 on the changes in
electrical characteristics was less pronounced when inserted
in the center of 19.5 nm HZO compared to 10 nm HZO. These
results are consistent with AR and unit cell volume changes.
It is plausible that the m-phase suppression and t-phase
enhancement were more pronounced in the regions of the
HZO film closer to the diffused Al2O3. The ratio of the HZO
film affected by the t-phase enhancement may be smaller in the
case of 19.5 nm HZO compared to 10 nm HZO, considering that
the total thickness of HZO is approximately twice as large in the
former case.

Fig. 5(a)–(c) show the X-ray photoelectron spectroscopy (XPS)
spectra of Hf 4f, Zr 3d, and Al 2p, respectively, of the Al1, 3,
and 5(7.8 nm) samples. The Hf 4f and Zr 3d spectra of the
Al1(7.8 nm) sample shifted to lower binding energy positions
than the 7.8 nm HZO. The deconvolution of these spectra
revealed the formation of substantial oxygen-deficient phases
(HfO2�x, ZrO2�x).25,47 These phases originated from the sub-
stitutional diffusion of Al3+ ions into the Hf4+ and Zr4+ ion sites,
inducing oxygen vacancies to maintain charge neutrality.48

In contrast, the Hf 4f and Zr 3d spectra of Al3, 5(7.8 nm)
samples showed minimal change in their binding energy
values, and the deconvolution revealed the formation of min-
uscule oxygen-deficient phases. The Al 2p spectra in Fig. 5(c)
showed that the binding energy of Al1(7.8 nm) (74.05 eV) was
higher compared to those of Al3, 5(7.8 nm) (73.96 eV, 73.97 eV),
suggesting that the Al oxidation number increased from the
nominal 3+ in the Al2O3 for the diffused IL. These findings

agree well with previous observations that the thick Al2O3 IL
did not diffuse into the HZO but formed a separate layer.
In contrast, the thin Al2O3 IL substitutionally diffused into
the HZO. Previous studies indicated that creating a slightly
oxygen-deficient condition for the HfO2-based films can suppress
the m-phase formation and promote the t-phase.7,30,31,49,50 The
diffused Al2O3 generated oxygen vacancies, effectively reducing
the m-phase and enhancing the t-phase formation.

Fig. 6(a) and (b) summarize the effects of Al2O3 ILs when
inserted in the middle of 10 nm and 19.5 nm HZO films. The
thinner Al2O3 substitutionally diffused into the HZO without
impeding the continuous growth and introduced in-plane
tensile stress to the film. The Al2O3 layer reduced the
m-phase and enhanced the t-phase due to the oxygen vacancies
generated by the substitutional diffusion of Al3+ ions into the
Hf4+ and Zr4+ sites in the 10 nm HZO film. The thicker HZO
film was less influenced by the Al-doping effect, where only the
region near the Al2O3 IL was affected.

In contrast, the thick Al2O3 layer remained a continuous
layer. It separated the upper and lower regions of the HZO film,

Fig. 5 The baseline subtracted XPS (a) Hf 4f, (b) Zr 3d, and (c) Al 2p spectra of the Al1, 3, and 5(7.8 nm). The Hf 4f and Zr 3d spectra of the sample without
interlayer are also compared.

Fig. 6 Schematic diagrams of the effects of Al2O3 ILs on the 10 nm and
19.5 nm HZO thin films. (a) The thin Al2O3 diffused into the HZO, inducing
in-plane tensile stress. The diffusion enhanced the t-phase and reduced
the m-phase for the nearby regions. The thicker 19.5 nm HZO film was less
influenced by the diffusion. (b) The thick Al2O3 formed a continuous layer,
dividing the film into two parts.
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resulting in a significant reduction of the m-phase through
suppressed grain growth. The formation of either the t-phase or
the o-phase was favored depending on the physical thickness of the
individual divided layers. Fig. S7(a)–(c) in the ESI,† shows the defect
formation energy of the substitutional configurations of Al in the
HZO. The calculation results coincide with the previous work,
confirming the thickness-dependent substitutional diffusion char-
acteristics of the Al2O3 ILs for the HZO system.39

2.3 Y2O3-inserted HZO film

Fig. S8(a) and (b) in the ESI,† show GIXRD of the as-deposited
Yp(10 nm) and Yp(19.5 nm) samples, respectively. The Y2O3 IL
insertion slightly enhanced the as-deposited crystallization of
the HZO films, indicating a possible increase of the m-phase
after PMA from conventional understanding.35,44 However, this
study revealed a different trend, as discussed later.

Fig. S9(a) and (b) in the ESI,† show the background sub-
tracted GIXRD patterns and the Gaussian deconvoluted curves
of the 10 nm HZO and Yp(10 nm) samples after PMA. Fig. 7(a)
shows the changes in the 2y positions of the deconvoluted
o(002) and o(111)/t(011) peaks for the Yp(10 nm) samples with
changing Y2O3 IL cycles, respectively. The o(002) peaks of Y1, 2,
4, 6, and 8(10 nm) were shifted monotonically to lower 2y
positions with increasing p. This peak position shift indicates
the involvement of the in-plane compressive stress as the Y3+

ions (ionic radius: 90 pm) substitutionally diffuse into the Hf4+

and Zr4+ sites (ionic radius: 72 pm) without interrupting the
continuous growth.39

To check this Y2O3 IL insertion effect in HZO films, a Cs-
TEM image of Y4(9 nm) after PMA is presented in Fig. 8(a),
which exhibited a well-crystallized single layer. This observa-
tion was further supported by the iFFT image in the inset
Fig and the magnified image in Fig. 8(b). Hence, these results

suggested that the Y2O3 ILs substitutionally diffused into the
nearby HZO films without interrupting the continuous growth.

In contrast, the o(111)/t(011) peak position shows a markedly
different trend, as shown in Fig. 7(a). Up to two cycles of Y2O3 ALD,
it increases and then decreases from four cycles, following the
trend of the o(002) peaks. Following the discussion in the previous
section, such a temporal increase in the peak position indicates the
enhanced t(011)/(t(011) + o(111)) phase portion in the films. Again,
such a trend cannot be detected from the o(002) peak, as only the
strain evolution governs its position.

Fig. 7(b) shows the changes in the FWHM, and Fig. 7(c)
shows the changes in the peak intensities of the deconvoluted
o(002) and o(111)/t(011) peaks for the Yp(10 nm) samples with
changing Y2O3 IL cycles, respectively. In the lower Y2O3 cycles,
the FWHM of both o(002) and o(111)/t(011) peaks exhibited a
gradual decrease compared to the 10 nm HZO film, while the
peak intensities showed a gradual increase. These changes
suggested that the diffused Y2O3 enhanced the grain growth

Fig. 7 The (a) peak positions, (b) FWHM, and (c) peak intensities of the o(002) and o(111)/t(011) peaks, and the (d) aspect ratio, (e) unit cell volume, and
(f) m-phase areal ratio for the Yp(10 nm) films. Error bars are included for the peak positions and FWHM values from the standard deviation of the
Gaussian fitting. Error bars of the aspect ratio and unit cell volume are estimated from the error of the peak positions of the o(002) and o(111)/t(011) peaks.

Fig. 8 The (a) Cs-TEM image of the Y4(9 nm) film, with the iFFT image of
the region indicated by the red square. The magnified image of the region
indicated by the red square is shown in (b).

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/1

/2
02

5 
2:

07
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc00061g


This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. C, 2024, 12, 5035–5046 |  5043

at lower cycles. For higher Y2O3 cycles, the FWHM of both peaks
showed increased values, accompanied by a decrease in peak
intensities, suggesting that the HZO films developed into a
mosaic structure.

To further confirm that the diffused Y enhanced the t/(o + t)
phase portion, the AR and unit cell volume changes were
presented in Fig. 7(d) and (e), respectively. The AR values of
Yp(10 nm) samples decreased with increasing p at lower p,
confirming that the Y diffusion enhanced the t/(o + t) phase
portion.13,43 Interestingly, the AR values saturated at p Z 2.
This saturation may be due to the limited impact of diffused
Y2O3 on the phase changes within the nearby regions of the
HZO, with regions farther away from the ILs remaining unaf-
fected even with the increased p. The decreased percentage of
the AR values was B0.5–1%, smaller than the theoretical AR
differences between the t- and o-phases due to the copresence
of the o-phase.43

The unit cell volume of Yp(10 nm) samples decreased up to
p = 2 and increased for Y4, 6, and 8(10 nm). This change could
be attributed to the combined influence of the relative portion
changes between the o- and t-phases and the ionic radius of
diffused Y3+.13 For p o 2, the t-phase formation effect domi-
nates, but for p 4 2, the larger Y3+ radius effect dominates.

Fig. 7(f) shows the relative m-phase fraction changes for the
Yp(10 nm) samples with changing Y2O3 IL cycles. The Yp(10 nm)
samples exhibited a remarkably decreased m-phase areal fraction
of B5–13% compared to the 10 nm HZO (B34%), despite the
Y2O3 ILs not interrupting the continuous growth. This decrease
indicated that the added portion of the o- and t-phases in the
films increased compared to the undoped film. The observation
of peak positions, AR, and unit cell volume of the Yp(10 nm)
samples indicated the increased t/(o + t) phase portion with Y
diffusion. Hence, the diffused Y2O3 reduces the m-phase and
enhances the t-phase, as in the diffused Al2O3 cases. The following
electrical characteristic tests confirmed this hypothesis.

Fig. 9 shows the P–E curves of the Yp(10 nm) samples in the
pristine state (dotted curve for the 10 nm HZO for comparison).
They showed AFE-like P–E curves, confirming the m-phase
reduction and the t-phase enhancement through Y diffusion.
Similar to the Al1, 2(10 nm) cases, these films did not exhibit a
complete AFE curve due to the copresence of the o-phase.4,21,45

The Y1, 2, 4, and 6(10 nm) samples exhibited similar 2Pr values
(B18.2–19.4 mC cm�2), indicating a comparable o-phase por-
tion in these films. However, the Y8(10 nm) sample showed a
degraded 2Pr value due to the formation of a mosaic structure
and again increased m-phase fraction. The Y2, 4, and 6(10 nm)
samples showed similar P–E curves despite the increased Y2O3

IL cycles. This result coincided with the AR values showing
saturation at p Z 2 in Fig. 7(d), even with the increased p.

Similar GIXRD and P–E analyses were performed for 19.5 nm
HZO and Yp(19.5 nm) samples to validate these trends further.
Fig. S10(a) and (b) in the ESI,† show the background subtracted
GIXRD patterns and the Gaussian deconvoluted curves of the
19.5 nm HZO and Yp(19.5 nm) samples after PMA. Fig. S11(a)–(f)
in the ESI,† show the peak position, FWHM, peak intensity,
AR, unit cell volume, and m-phase areal ratio. The changes in

these parameters for the Yp(19.5 nm) films indicated similar
insertion effects and phase changes with the Yp(10 nm) samples.
However, while the Y doping exhibited consistent effects in
thicker and thinner films, its impact was less prominent in the
thicker Yp(19.5 nm) films.

Fig. S12 in the ESI,† shows the P–E curves of the Yp(19.5 nm)
samples in the pristine state. The P–E curves exhibited reduced
2Pr values compared to the 19.5 nm HZO despite the significant
m-phase reduction, confirming that the Y diffusion reduced the
m-phase and enhanced the t-phase. However, its impact was
less prominent than the thinner Yp(10 nm) cases, aligning with
the GIXRD analysis.

Fig. 10(a)–(c) show the XPS spectra of Hf 4f, Zr 3d, and Y 3d,
respectively, of the Y3, 5(7.8 nm) samples. The Hf 4f and Zr 3d
spectra of the Y3, 5(7.8 nm) films shifted to lower binding
energy positions than the 7.8 nm HZO, and deconvolution
displayed the formation of oxygen-deficient phases (HfO2�x,
ZrO2�x), coinciding with the Al1(7.8 nm) cases in Fig. 5(a)
and (b).25,47 As for the diffused Al2O3 cases, the substitutional
diffusion of Y3+ ions into the Hf4+ and Zr4+ ion sites generated
oxygen vacancies, which reduced the m-phase and enhanced
the t-phase.48 The Y 3d spectra in Fig. 10(c) showed minimal
binding energy changes for Y3, 5(7.8 nm) samples since the ILs
were substitutionally diffused regardless of cycles.

Fig. 11 summarizes the effects of Y2O3 ILs when inserted
in the middle of 10 nm and 19.5 nm HZO films. The Y2O3 IL,
regardless of the number of cycles, substitutionally diffused
into the HZO without hindering the continuous growth and
induced stronger in-plane compressive stress to the HZO film
with higher p. The diffused Y2O3 suppressed the m-phase and
enhanced the t-phase formation due to the oxygen vacancies
generated by the substitutional diffusion of Y3+ ions into the
Hf4+ and Zr4+ sites. Fig. S7(a)–(c) in the ESI,† shows the defect
formation energy of the substitutional configurations of Y in the
HZO. The calculation results coincide with the previous work, thus

Fig. 9 P–E curves of the 10 nm HZO with insertion of changing ALD
cycles of Yp(10 nm) in the middle of films.
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confirming the thickness-independent substitutional diffusion
characteristics of the Y2O3 ILs for the HZO system.39

Previous works have reported that dopants with ion sizes
larger (Y, Gd, La, and Sr) and smaller (Si, Al) than Hf ions
stabilize the c-phase and t-phase, respectively, for polycrystal-
line ALD HfO2-based films. When larger dopants were doped,
the t-phase was not formed, and FFE characteristics were not
observed. Only the smaller dopants could stabilize the t-phase
and induce FFE properties.7

However, the present work revealed a different conclusion.
It was revealed that the Y2O3 IL, irrespective of p, and the thin
Al2O3 diffused into the HZO, reducing the m-phase and enhan-
cing the t-phase. In contrast, the thick Al2O3 did not diffuse into
the HZO and could not form the t-phase. Consequently, this
study elucidated the substitutional diffusion of Al3+ or Y3+ ions
into Hf4+ or Zr4+ sites and the formation of oxygen vacancies
as the critical requirement factor determining the formation
of the t-phase. Even larger Y dopants could stabilize the
t-phase when the trivalent ions were substitutionally diffused.
The t-phase stabilization was observed previously for epitaxial
Y-doped HfO2/HZO films deposited by pulsed laser deposition

(PLD). However, the t-phase stabilization was attributed to high
annealing temperatures over 900 1C, converting the m-phase
to the t-phase at such high temperatures, which was not the
case in this study. In addition, these studies did not elucidate
the substitutional diffusion of dopants as the reason for t-phase
stabilization.51–53

These results suggest a new perspective on the phase changes
of polycrystalline, doped-HfO2-based thin films, highlighting the
crucial role of substitutional diffusion of dopants and charge
neutrality. These insights could guide subsequent studies on
engineering the FFE properties of doped HfO2-based thin films.

3. Experimental sections
3.1 Sample preparation

A TiN bottom electrode (BE) with a thickness of 50 nm was
deposited on a thermally oxidized SiO2(100 nm)/Si substrate via
sputtering (ENDURA 5500, Applied Materials). HZO films and
Al2O3 ILs were deposited in situ by thermal ALD at a sub-
strate temperature of 280 1C. Hf[N(C2H5)CH3]4 (TEMA-Hf),
Zr[N(C2H5)CH3]4 (TEMA-Zr), Al(CH3)3 (TMA), and ozone
(concentration: 190 g m�3) were used as the Hf, Zr, Al pre-
cursors, and oxygen source, respectively. Y2O3 ILs were depos-
ited ex situ by the same thermal ALD at a substrate temperature
of 250 1C. Y(EtCp)2(iPr-amd) (ARYA) and ozone (concentration:
260 g m�3) were used as the Y precursor and oxygen source,
respectively. EtCp and iPr-amd represent ethylcyclopentadienyl
(CH2CH3C5H5) and isopropylamidinate (CH(CH3)2CN2CH3),
respectively. In all cases, the ILs were positioned in the middle
of the HZO film thickness. The HfO2 and ZrO2 growth per cycle
values were B0.14 nm per cycle, while those for Al2O3 and Y2O3

were B0.1 nm per cycle and B0.15 nm per cycle, respectively.
The HZO films were deposited with different total numbers of
HfO2 and ZrO2 ALD cycles, with most films being grown by
72 cycles (B10 nm) or 140 cycles (B19.5 nm). However, several
films were prepared using 64 cycles (B9 nm) or 56 cycles
(B7.8 nm). In all cases, the ALD cycle numbers for HfO2 and
ZrO2 were the same to achieve a Hf : Zr composition ratio of 5 : 5.

Fig. 10 The baseline subtracted XPS (a) Hf 4f, (b) Zr 3d, and (c) Y 3d spectra of the Y3, 5(7.8 nm). The Hf 4f and Zr 3d spectra of the sample without
interlayer are also compared.

Fig. 11 Schematic diagram of the effects of Y2O3 ILs on the 10 nm and
19.5 nm HZO thin films. The Y2O3 diffused into the HZO regardless of
cycles, inducing in-plane compressive stress. The diffusion enhanced the
t-phase and reduced the m-phase for the nearby regions. The thicker
19.5 nm HZO film was less influenced by the diffusion.
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3.2 Physical and electrical characterization

The physical thicknesses of each layer were determined using
spectroscopic ellipsometry (SE; M-2000, J. A. Woollam), while
the areal density (mg cm�2) and the cation composition were
analyzed using X-ray fluorescence spectroscopy (XRF; Quant’X,
Thermo SCIENTIFIC). Metal shadow masks (area: B90 000 mm2)
were used to deposit circular TiN (20 nm) top electrode (TE) via
radio-frequency (RF) reactive sputtering (SRN 120, Sorona) at
500 W. The electrode areas were accurately measured with an
optical microscope. After the TE deposition, PMA was performed
at 525 1C for 30 s under an N2 ambient condition to crystallize
the films.

The P–E characteristics were obtained by applying a bipolar
triangular pulse at a frequency of 1 kHz with a ferroelectric
tester (TF Analyzer 2000, Aixacct Systems). The 2Pr values were
obtained by subtracting the negative y-intercept of the P–E
curve from the positive y-intercept. The film crystal structure
and crystallization behavior were analyzed via GIXRD (X’pert
Pro, PANalytical, angle of incidence = 0.51) and Cs-TEM
(JEM-ARM200F, JEOL). XPS (Axis Supra, Kratos) analysis was
performed to determine the chemical bonding state of Al2O3 and
Y2O3 ILs with HZO films. The binding energy of the XPS spectra
was calibrated using the adventitious C signal (284.5 eV).

4. Conclusions

In conclusion, this study systematically investigated the inser-
tion mechanism of the Al2O3 and Y2O3 ILs and their effects on
the structural and electrical properties of HZO film when
inserted into the middle of films. It was revealed that the
behavior of Al2O3 insertion varied depending on the number
of Al2O3 IL cycles. The thin Al2O3 IL (1–2 cycles) diffused into
the HZO films without interrupting continuous growth, which
caused in-plane tensile stress to the films. In contrast, the thick
Al2O3 IL (Z2–3 cycles) formed a continuous layer, physically
dividing the HZO film into two discontinuous parts. The Y2O3

IL, regardless of the number of cycles, diffused into the HZO
film, inducing in-plane compressive stress and enhancing
grain growth. The most crucial finding of this work is that
the substitutional diffusion of Al3+ and Y3+ ions into Hf4+ and
Zr4+ ion sites generated oxygen vacancies for charge neutrality,
forming oxygen-deficient phases near the diffused ILs, which
reduced the monoclinic phase and enhanced the formation of
the tetragonal phase. Unlike the previous understanding,
the larger Y dopant could also induce the tetragonal phase
when diffused into the HZO films. Hence, the substitutional
diffusion of dopants was unveiled as the critical factor govern-
ing the tetragonal phase formation.

The doping behavior of Al2O3 and Y2O3 ILs in the HZO
system coincided with those reported by Seo et al. for the ZrO2

system.39 However, the two systems differed fundamentally
because only the tetragonal phase was stabilized in the ZrO2

system. In contrast, the impurity type and quantity affected the
phase changes in the HZO system. The changes in o- and
t-phase portions were identified by comparatively observing

the o(002) and o(111)/t(011) peak shifts and further confirmed
by examining the AR and unit cell volume changes.
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L. Wilde, J. Sundqvist, M. Lemberger, P. Kücher and
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