
SCIENCE CHINA
Information Sciences

June 2025, Vol. 68, Iss. 6, 160406:1–160406:9

https://doi.org/10.1007/s11432-024-4428-8

c© Science China Press 2025 info.scichina.com link.springer.com

. RESEARCH PAPER .

Special Topic: Novel Memory Materials and Devices: Ferroelectrics and Oxide Semiconductors

Crystal orientation-modulated ferroelectric and
dielectric properties in Hf0.5Zr0.5O2 thin films

Yu-Chun LI1,2,3, Xiao-Xi LI4, Zhongshan XU1,2,3, Zi-Ying HUANG1,2,3,

Yingguo YANG1,2,3, Xiao-Na ZHU1,2,3,5*, Ming LI6,

David Wei ZHANG1,2,3,5 & Hong-Liang LU1,2,3,5*

1State Key Laboratory of Application-Specific Integrated Circuit and System, Shanghai Institute of Intelligent

Electronics and Systems, School of Microelectronics, Fudan University, Shanghai 200433, China
2Zhangjiang Fudan International Innovation Center, Shanghai 201203, China

3National Integrated Circuit Innovation Center, Shanghai 201203, China
4Wide Bandgap Semiconductor Technology Disciplines State Key Laboratory,

School of Microelectronics, Xidian University, Xi’an 710071, China
5Jiashan Fudan Institute, Jiaxing 314100, China

6School of Integrated Circuits, Peking University, Beijing 100871, China

Received 19 August 2024/Revised 31 March 2025/Accepted 30 April 2025/Published online 22 May 2025

Abstract Hafnium oxide (HfO2) is a promising ferroelectric material because of its robust electric dipoles at the nanoscale.

Although HfO2 is an oxygen-displacement-induced ferroelectric material, a comprehensive understanding of the intricate

relationship between its electrical performance and oxygen-related processes is still limited. This study delves into the

ferroelectric and dielectric properties of Zr-doped HfO2 (Hf0.5Zr0.5O2, HZO) thin films, unveiling a reliance on the oxygen

dose during the atomic layer deposition process. A superior remanent polarization (2Pr) of 58 µC/cm2 and a high dielectric

constant of 52.7 are obtained in the HZO capacitors with 10 and 1 s oxygen plasma durations, respectively. Our work

establishes that the enhanced ferroelectricity observed in samples with longer oxygen dose time is attributed to the gradual

out-of-plane orientation of the polar c-axis, as indicated by grazing incidence wide-angle X-ray scattering analysis. Meanwhile,

the larger dielectric constant observed in samples with the shortest oxygen dose time (1 s) originates from the out-of-plane

tilt of the b-axis in an orthorhombic-phase cell. These new insights into the controlled crystal orientation through oxygen

dose modulation open avenues for optimizing the performance of the HfO2-based devices.

Keywords ferroelectric, Hf0.5Zr0.5O2, oxygen dose, GIWAXS, orientation, dielectric

Citation Li Y-C, Li X-X, Xu Z S, et al. Crystal orientation-modulated ferroelectric and dielectric properties in

Hf0.5Zr0.5O2 thin films. Sci China Inf Sci, 2025, 68(6): 160406, https://doi.org/10.1007/s11432-024-4428-8

1 Introduction

Hafnium oxide (HfO2) has recently garnered renewed interest in ferroelectric devices because of its robust
electric dipoles at the nanoscale and compatibility with modern semiconductor technology [1, 2]. The
competitive ferroelectric properties coupled with a high dielectric constant (ǫr) have driven advancements
in nonvolatile memory, including ferroelectric random access memory (FeRAM), ferroelectric field effect
transistor, and ferroelectric tunnel junction [1,3]. In contrast to perovskite ferroelectric materials, where
polarization originated from heavy metal atoms, the ferroelectricity in HfO2 stems from the reversible
migration of oxygen atoms within the orthorhombic (o)-phase cell [1, 4]. Therefore, a comprehensive
understanding of the behavioral mechanism of oxygen atoms or their related defects in the o-phase HfO2

system is paramount [5].
To date, researchers believe that the concentration and state of oxygen vacancy (Vo) can significantly

affect the phase composition, thereby affecting the device performance [6, 7]. Materlik et al. [6] theoret-
ically proposed a noteworthy stabilization of the o-phase in cases of low Vo concentration and observed
the competition between o- and tetragonal (t)-phases in instances of high Vo concentration. Meanwhile,
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based on electrical measurements, Materano et al. [7] supposed that oxygen atoms, under oxygen-rich con-
ditions, may exist at interstitial positions, thereby reducing the formation energy of the nonferroelectric
monoclinic (m)-phase.

Constrained by the limitations inherent in directly quantifiable observations of oxygen or Vo, a clear
physical understanding through inspection methods has been proven challenging to achieve [4,8,9]. Given
the strong process dependency of the oxygen stoichiometry of HfO2 [10–12], analyzing the influence of
oxygen conditions during the fabrication process becomes crucial. Atomic layer deposition (ALD) with
self-limiting, self-saturated properties, compatible with the semiconductor industry, is crucial and suitable
for the investigation into the oxygen-related process dependence of physical properties [13].

Despite numerous experimental efforts to explore oxygen-related ferroelectric device performance by
modulating oxygen conditions [5, 7, 14–19], the correlation between device performance and oxygen con-
centration remains a subject of debate. Certain studies proposed that an oxygen-deficient condition does
not necessarily lead to an increase in Vo but rather induces differences in film properties attributed to by-
products [14, 16, 18–20]. For example, Cho et al. [14] determined that the oxygen content of films grown
in different oxygen environments does not change after annealing. They proposed that the incomplete
reaction of carbon plays a role in stabilizing the t-phase in the films. Conversely, other researchers posit
a strong correlation between device performance and Vo concentration under oxygen-poor or oxygen-rich
growth conditions. Zhao et al. [21], Bao et al. [22], and Chen et al. [23] reported that the high Vo con-
centration under oxygen-poor conditions and the low Vo concentration under oxygen-rich conditions are
beneficial to the crystallization of the t- and m-phases, respectively. Nevertheless, attempts to demon-
strate Vo concentration differences remain inconclusive. The limitation of definitive experimental evidence
has left the understanding of the oxygen-modulated performance in ALD-fabricated HfO2 devices in a
state of uncertainty.

In this work, ferroelectric capacitors with Zr-doped HfO2 (Hf0.5Zr0.5O2, HZO) thin films grown with
different oxygen doses were prepared. The comparison of the ferroelectric and dielectric properties showed
that the device properties exhibit an obvious oxygen dose dependence. Through the grazing incidence
wide-angle X-ray scattering (GIWAXS) crystal phase analysis and first-principles calculation, the sig-
nificant shift in the electrical properties is proposed to closely depend on the crystal orientation change
varying with the oxygen dose. This result introduces an alternative perspective to understanding the
influence of the oxygen process on ALD-fabricated HfO2 devices and an effective strategy to modulate
the performance of the HfO2-based devices for broad adoption.

2 Method

Ferroelectric capacitors with tungsten (W)/HZO/W structure were constructed. The 10-nm ferroelectric
layers were prepared in an ALD chamber at 280◦C. TDMAHf, TDMAZr, and O2 plasma were applied
as the Hf, Zr, and oxygen sources, respectively. The O2 plasma dose time varied at 1, 3, 6, or 10 s. To
avoid the thickness interruption induced by variable O2 plasma doses, the identical film thickness of 10
± 0.2 nm was maintained by modulating the ALD cycles and confirmed by an ellipsometer. All samples
were post-metallization annealed at 500◦C. The details of the device fabrication process are presented in
Figure A1 of Appendix A.

The thickness and chemical composition of the films were confirmed by spectroscopic ellipsometry and
X-ray photoelectron spectroscopy. The crystalline structure was observed by GIWAXS with a grazing
incidence of 0.5◦. The electrical measurement was conducted using a semiconductor analyzer. All samples
were tested after 3 V/1 MHz/103-cycle wake-up. Data analysis was assisted by GIWAXS-tools and MAUD
version 2.9. The atomic calculation was conducted using the VASP software.

3 Result and discussion

3.1 Ferroelectric and dielectric properties

The cross-sectional view of the fabricated samples with a metal-ferroelectric-metal structure is presented
in Figure 1(a), showing the well-crystallized nature of the thin film. Figure 1(b) depicts the hysteresis
loops of the samples prepared with different oxygen exposure times. In terms of polarization property, the
sample with 1 s oxygen dose time has a smaller remanent polarization (2Pr) of 48 µC/cm2, whereas those
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Figure 1 (Color online) (a) Cross-sectional view of the fabricated sample; (b) polarization loops of the samples grown at varying

oxygen doses; (c) 2Pr as a function of oxygen source dose time; (d) hysteretic ǫr-V curves of the samples with varying oxygen

plasma exposure times.

grown with a longer oxygen exposure time exhibit a larger remanent polarization (2Pr) of 58 µC/cm2.
The evolution of ferroelectricity in the HZO system with varying oxygen sources and increasing doses
is plotted as a benchmark in Figure 1(c) [7, 16, 18, 21, 22, 24, 25]. Our device shows a maximum 2Pr of
58 µC/cm2, which outperforms previously reported values under similar processing conditions. The larger
2Pr value in our work is conducive to obtaining a larger memory window in FeRAM applications.

In terms of dielectric property, Figure 1(d) shows the ǫr vs. voltage (ǫr-V ) curves of the samples grown
with different oxygen doses. The typical butterfly-shaped curves confirm the polarization switching under
an external electric field. The nonhysteresis loops under low sweeping voltage are shown in Figure A2
of Appendix A. The ǫr value at a low electric field of the sample grown at 1 s oxygen dose time is 52.7,
which is higher than that of widely used dielectric materials in the semiconductor industry. The large
ǫr value proves beneficial in reducing the equivalent oxide thickness in dynamic random access memory
applications [26]. Furthermore, ǫr decreases with the increase in oxygen dose to 33.0 in the 10 s sample,
with a dramatic 40% decrease. The ǫr value at 0 V is a reference for the actual ǫr because of the domain
wall contribution. To avoid this contribution, the ǫr values at 3 V are also extracted and compared. The
sample grown at 1 s oxygen dose time exhibits the highest ǫr value of 36.1, and that with 10 s oxygen dose
time exhibits the lowest ǫr value of 29.1, with a 20% decrease. The decreasing trend of the ǫr value with
the increase in oxygen dose is similar to the situation at a low electric field. These findings indicate that
the oxygen dose affects both the ferroelectric and dielectric properties of HZO thin films. Meaningfully,
the relatively lower ǫr value accompanied by a large 2Pr value in the 10 s sample is advantageous for
enhancing the sensing margin of FeRAM [27].

3.2 Crystal phase and orientation analysis

The GIWAXS technique is used to further comprehend the relationship between the crystal phase of
the prepared films and the corresponding device performance. Figure 2(a) shows the GIWAXS patterns
of the thin films deposited with different oxygen durations. Multiple peaks indicate the polycrystalline
structure of the ALD-prepared HZO thin films. As highlighted in the locally amplified patterns shown in
Figure 2(b), the peaks distributed at the scattering vector (Qr) values ranging from 18.0 to 23.0 nm−1

are commonly utilized to determine the non-ferroelectric m-, t-, and ferroelectric o-phase fractions. The
peaks located at the Qr of 20.1, 21.2, and 22.2 nm−1 correspond to the −111m, 111o/101t, and 111m
crystal planes, respectively [28]. The subtle leftward shift in the position of the 111o/101t peak with the
increase in oxygen dose indicates a phase transition from t-phase to o-phase [28]. Simultaneously, the peak
signal of the m-phase is also enhanced. Assuming a homogeneous lattice parameter and a particular peak
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Figure 2 (Color online) (a) 1D-GIWAXS patterns of the prepared thin films. (b) Locally amplified GIWAXS patterns with Qr

ranging from 18 to 23 nm−1. (c) Phase composition of the samples. (d) 2D-GIWAXS patterns of the samples grown at 1 (left) and

10 s (right) oxygen durations. (e) In-plane GIWAXS patterns of the 200o crystallographic plane family. (f) Intensity ratios of the

200o and 020o/002o peaks extracted from (e).

shape, the phase fraction of the samples can be determined by deconvolution [29–32]. The deconvolution
process is shown in Figure C2 of Appendix C, and the phase composition of the samples is summarized in
Figure 2(c). Despite variations in oxygen dosage, the o-phase dominates in all samples. The 1 s sample
has the highest o-phase fraction of 80.9%, accompanied by the lowest m-phase fraction. The shorter
oxygen exposure time inhibits the formation of the m-phase and promotes the formation of the t-phase,
which is consistent with that reported by Materano et al. [7].

The link between the phase composition and the observed electrical behavior was established. For the
sample with longer oxygen duration, the decrease in ǫr could be attributed to the increase in the m-phase
fraction with low ǫr values (i.e., 15–20) [33, 34]. However, a concern arises with the nondominant phase
of the film, where the m-phase fraction shows only a marginal 14% difference between 1 and 10 s oxygen
dose times. Such a minor difference in nondominant phase composition appears insufficient to explain
the pronounced decline in the ǫr. As for ferroelectricity, the 1 s sample with the most o-phase exhibits
the lowest 2Pr, whereas the samples grown with longer oxygen dose times exhibit an increasing 2Pr, even
with lesser o-phase fraction. This finding challenges the conclusion regarding the enhancing effect of the
o-phase on ferroelectricity in previous reports [35]. Consequently, the fraction of the o-phase alone does
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Figure 3 (Color online) 1D-GIWAXS patterns of the thin films deposited at (a) 1 s and (b) 10 s oxygen dose durations at variable

azimuths. Pole figures of (c) 020o/002o, (d) 200o, (e) polar 002o, and (f) 020o planes.

not solely determine the macroscopic dielectric and ferroelectric properties. Another factor associated
with the crystal orientation of the dominant o-phase grain would also play a crucial role.

As illustrated in Figure 2(a), the peak located at 24.0 nm−1 conspicuously splits into two peaks in the
film samples with the increase in oxygen exposure time (denoted by the red dashed lines). The peaks
correspond to the 200o crystal plane [28,36]. Figure 2(d) shows the 2D-GIWAXS patterns of the samples
grown at 1 and 10 s oxygen durations. Those for other samples can be found in Figure C3 of Appendix
C. The scattering rings contain the orientation information with the azimuth ranging from 0◦ (in-plane)
to 90◦ (out-of-plane) of different crystal planes in the film [37]. As emphasized by the red dashed circle,
the peaks exclusively split along the in-plane direction. The in-plane integrated 200o patterns of the four
samples are depicted in Figure 2(e). The split peaks located at 23.7 and 24.4 nm−1 correspond to the
200o and 020o/002o planes, respectively [36]. Notably, the 10 s sample exhibits the most intense in-plane
signal of the 020o/002o plane. The intensity ratios of the 020o/002o and 200o peaks are extracted in
Figure 2(f). The results indicate that, when the oxygen exposure time increases to 10 s, the intensity
ratio approaches 1.0, indicating the competition between the 020o/002o and 200o peaks for the preferred
orientation along the in-plane direction [38]. This observation underscores a noticeable difference in
crystal orientation modulated by the varying oxygen dose.

To deeply comprehend the orientation evolution dependency on oxygen dose, we compared the samples
with 1 and 10 s oxygen dose times, as the two have the most distinct difference, as shown in Figure 2(f).
Figures 3(a) and (b) show the 1D-GIWAXS patterns of thin films deposited at 1 and 10 s oxygen dose
times varying with the azimuths, respectively. The azimuth angles range from 0◦ to 85◦, representing the
shift from out-of-plane to in-plane direction. Notably, the 020o/002o undistinguished peak shifts to the
200o peak from out-of-plane to in-plane direction in the sample with 1 s oxygen dose time (Figure 3(a)).
Meanwhile, a stark difference in orientation is detected in the 10 s sample (Figure 3(b)). The 020o/002o
peak intensity slightly dips from out-of-plane to in-plane direction, and the 200o peak signal gradually
heightens when the azimuth is >45◦, evidencing the effects of a ferroelastic texture on the 10 s sample.

Further orientation analysis is conducted by determining the orientation distribution function, as shown
in Figures 3(c)–(f) [36]. The probability density defined on the ordinate is expressed as the volume fraction
of a film with a given orientation. Figures 3(c) and (d) depict the pole figures of the 020o/002o and 200o
planes, respectively. For both samples with 1 and 10 s oxygen dose times, the orientation probability of
the 020o/002o plane (Figure 3(c)) gradually decreases, and that of the 200o plane (Figure 3(d)) increases
with the azimuth climbed. Either sample does not have a 200o in-plane signal as a result of the tensile
mechanical stresses imposed by the substrate, fixing the crystal axis that is perpendicular to the 200o
plane in-plane [36]. A noteworthy disparity in the 020o/002o signal could be attributed to the varied
preferred orientation of the 020o and 002o planes. The 020o and 002o signals are decoupled, and the
reconstructed 002o and 020o pole figures are presented in Figures 3(e) and (f), respectively. Figure 3(e)
shows that the predominant orientation for the 002o plane concentrates around a low azimuth of ∼15◦ in
the 10 s sample. By contrast, the peak volume for the 002o plane in the 1 s oxygen-exposed sample spans
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Figure 4 (Color online) (a) Calculated object and simplified frame model of the o-phase cell. (b) Schematic view describing

the effect of the orientation on the ferroelectric and dielectric properties of the HZO systems. (c) Results of the first-principles

calculation of the axis length, Ps, and dielectric constant along the a-, b-, and c-axes. (d) Experimental summary of the out-of-plane

ferroelectricity and dielectricity.

a broader azimuth range from 15◦ to 35◦. This finding indicates that the 002o plane in the sample grown
at 10 s oxygen dose time tends to shift out-of-plane, whereas that grown at the 1 s oxygen dose time
slightly tilts in-plane. As the azimuth increased, the probability of the 020o plane in both samples also
exhibited different trends, as shown in Figure 3(f). Specifically, as the azimuth climbed, the probability
of the 020o plane amplifies for the 10 s oxygen-exposed sample but diminishes for its 1 s counterpart.
In comparison, the 10 s oxygen-exposed sample has a lower 020o out-of-plane fraction but a higher 002o
out-of-plane fraction. The opposite is true for the 1 s oxygen-exposed sample. Notably, the longer oxygen
duration would tilt the 002o plane out-of-plane and push the 020o plane in-plane. The apparent difference
in crystal orientation between the two samples provides clues to the origin of the device’s performance.

3.3 Atomistic insights into the electrical performance

Based on the preceding analysis, we can establish the orientation picture of the o-phase cell for the film
structure. Figure 4(a) shows a schematic view of the o-phase cell. For ease of description, we simplify the
unit cell model to a wireframe and color-code the a-axis (blue), b-axis (red), and c-axis (green). The a-,
b-, and c-axes are perpendicular to the 200o, 020o, and 002o planes, respectively. The a-axis emerges as
the lengthiest at 5.27 Å, whereas the b- and c-axes have lengths of 5.05 and 5.08 Å, respectively. Notably,
the c-axis is the polar axis along which the oxygen displacement originates [4]. Based on Figures 3(e)
and (f), the orientation of o-phase cells is determined and shown in Figure 4(b). For the two samples,
the a-axis is always fixed in-plane, whereas the b- and c-axes tend to shift out-of-plane with different
probabilities because of the similar axis lengths. Combined with the orientation analysis, the 1 s sample
exhibits a higher volume of b-axis out-of-plane, as marked by the red wireframe. As the oxygen dose
time is extended, the o-phase cell gradually rotates around the a-axis, making the c-axis tend to shift
more out-of-plane. The shift in c-axis orientation within the films can be attributed to the different
stress environments under different oxygen treatment conditions [36]. A larger oxygen dosage releases
the intrinsic tensile stress layer-by-layer in the ALD process, making the relatively longer c-axis more
out-of-plane during annealing [39, 40]. In addition, the formation of an oxide layer (WOx) at the W
electrode interface contributes to the extrinsic stress difference [41, 42]. WOx has a higher coefficient of
thermal expansion than W [43–46]. The prolonged oxygen treatment forms a thicker WOx interfacial
layer [44], reducing tensile stress and promoting an out-of-plane orientation of the longer c-axis. As for
the dielectric property, the WOx interfacial layer influences the ǫr value in two ways. First, its relatively
lower ǫr values (i.e., 20–40) can introduce a slight series capacitance effect [44], marginally reducing the
measured ǫr. Second, WOx formation induces tensile stress, which weakens the out-of-plane orientation
of the b-axis. Notably, the observed decrease in ǫr with the increase in WOx thickness, resulting from
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prolonged oxygen plasma exposure, likely arises from a combination of the two aforementioned effects,
which are inherently challenging to separate.

By conducting atomic calculations, we derived the dielectric constant and spontaneous polarization
(Ps) values along each axis in a unit cell, as depicted in Figure 4(c). Notably, the calculated Ps reflects
the ideal intrinsic polarization along a specific axis, whereas the measured Pr is a macroscopic value
influenced by crystal orientation and domain effects and is typically lower. Regarding ferroelectricity,
only the c-axis facilitates ferroelectric polarization with a calculated Ps value of 50.2 µC/cm2. With the
higher probability of the c-axis of the 10 s sample to tilt out-of-plane (Figure 4(b)), the corresponding
device exhibits a higher Pr value (Figure 4(d)). By contrast, the lower probability of the c-axis of the
1 s sample to tilt out-of-plane results in a lower Pr value, although the film has a more o-phase fraction.
In contrast to ferroelectric polarization with the specific direction, the a-, b-, and c-axes all contribute
to the macroscopic ǫr. The b-axis has the largest value of 25.57. Compared with the sample with
longer oxygen duration, the 1 s film exhibits a predominant out-of-plane b-axis orientation (Figure 4(b)),
thereby presenting a larger ǫr value (Figure 4(d)). In addition to the dominant role of crystal orientation,
the high dielectric constant observed in the 1 s oxygen dose sample can also be partially attributed
to a morphotropic phase boundary (MPB)-like effect. Although the o-phase is predominant (80.9%),
the presence of a small t-phase fraction could lead to local o-/t-phase coexistence. Prior studies have
shown that even the limited coexistence of these phases can facilitate polarization rotation and enhance
dielectric response [26]. This finding is further supported by the fact that the measured ǫr exceeds the
value predicted based on the b-axis orientation alone, indicating that both orientation effects and partial
MPB contributions are involved in the dielectric enhancement. These results are consistent with the
experimental observation. Overall, the GIWAXS results show that higher oxygen doses promote the
out-of-plane orientation of the c-axis, which, according to the first-principles calculations, is the direction
of Ps, explaining the increased 2Pr in high-dose samples. Conversely, the b-axis, contributing most to
the dielectric constant, tends to align out-of-plane under low oxygen doses, consistent with the higher ǫr
observed. These findings confirm that oxygen dose affects not only phase composition but also crystal
orientation, which, in turn, governs the electrical performance of HZO films.

4 Conclusion

This study underscores the impact of phase composition and film crystal orientation on the ferroelectric
and dielectric properties of HZO thin films, demonstrating the feasibility of modulating these properties
through controlled oxygen processes. This capability to manipulate crystal orientation is inferred to
stem from stress adjustments induced by oxygen plasma during the layer-by-layer ALD process. Atomic
calculation and GIWAXS characterization reveal that the higher volume of the o-phase and the c-axis
out-of-plane provide greater polarization values. Conversely, a heightened presence of the t-phase and the
b-axis out-of-plane contributes to a larger ǫr value. Consequently, a satisfactory 2Pr of 58 µC/cm2 and
a high ǫr of 52.7 are obtained in HZO capacitors with 10 and 1 s oxygen dose times, respectively. Our
findings provide an innovative perspective and a practical methodology for optimizing the performance
of the HfO2-based devices.
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