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Doped HfO, as an emerging ferroelectric material, holds considerable promise for non-volatile memory applications.
Epitaxial growth of doped HfO, thin films is widely adopted as an effective technique for revealing the intrinsic ferroelectric
properties. In this study, based on systematic structural, chemical and electrical investigations, the influences of Mn doping
and substrate orientation on ferroelectric properties of Mn-doped HfO, epitaxial thin films are investigated. The results
demonstrate that Mn-doped HfO; thin films with orthorhombic phase can be epitaxially grown along [111] out-of-plane
direction on both SrTiO3 (001) and (110) substrates, and 10% Mn-doping significantly stabilizes the orthorhombic polar
phase and enhances the ferroelectric polarization. Interestingly, compared to the films on SrTiO3 (001) substrate, the better
crystallinity and reduction of oxygen vacancy amount in Mn-doped HfO, films grown on the SrTiO3 (110) substrate are
observed, which enhance the remanent polarization and reduce the coercive field. It provides an effective approach for the
controllable regulation of defects and the enhancement of intrinsic ferroelectricity in HfO,-based materials.

Keywords: HfO,-based ferroelectric, substrate orientation, ferroelectricity, defects

PACS: 77.84.—s, 77.55.fp, 77.80.—
DOI: 10.1088/1674-1056/add1bc

1. Introduction

Hafnium dioxide (HfO,), a notable transition metal ox-
ide, has been extensively utilized as high dielectric materials in
advanced semiconductor devices. Its wide bandgap (~ 5.3 eV-
5.7 eV) and high dielectric constant (~ 20-40) make it partic-
ularly valuable for these applications.['! As device dimen-
sions continue to shrink, HfO, offers advantages that sili-
con dioxide (SiO,) cannot match.!* Since 2011, the reported
ferroelectricity of doped-HfO, thin films gained significant
attention. > Unlike the traditional perovskite ferroelectric ma-
terials, HfO,-based films are compatible with silicon and can
sustain excellent ferroelectric performance at thicknesses of
less than 10 nm. These characteristics highlight their promis-
ing potential for use in high-density non-volatile ferroelectric
memory devices. 67!

The ferroelectricity of HfO,
metastable polar orthorhombic (O) phase with a non-

originates from its
centrosymmetric space group (Pca2;).’! Additionally, the
recently discovered rhombohedral (R) phase in epitaxial films
also exhibits polarity, which is stabilized by the combined ef-

fects of strain and size."!!

!'In contrast, the high-temperature
tetragonal and cubic phases, as well as the room-temperature
monoclinic phase, are typically non-polar.['?! Therefore, stabi-

lizing the O-phase is crucial. Various methods to achieve this
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16171 and interface effects.[!®!

include doping,[13-11 stress,!
Doping, as one of the most common methods to tune ferro-
electricity of HfO,, has been studied based on various ele-
ments, such as Zr,['% La,[201 Gd,21 A1,[22] and Si,[23! which
is beneficial to improve ferroelectric properties.

Besides intrinsic doping, oxygen vacancies are partic-
ularly prominent and are typically affected by factors such
as doping type, thermal treatment, and film thickness.[?"]
Both experimental and theoretical studies have demonstrated
that suitable doping can activate oxygen vacancies and sta-
bilize the ferroelectric phase, thereby enhancing ferroelectric
performance. %21 However, the agglomeration of excessive
oxygen vacancies will pin domain walls, resulting in detrimen-
tal effects on ferroelectric polarization switching, endurance,
and retention.[?8] Therefore, the effective control and opti-
mization of these defects are essential for improving device
performance.

Epitaxial growth of HfO, thin films is frequently em-
ployed to investigate intrinsic ferroelectricity due to the con-
trollable phase structures and strain manipulation capabilities.
It has been found that the buffer layer of Lag ¢7Srg33MnO3
(LSMO) can effectively stabilize the O phase in epitax-
ial HfO,-based films, which was attributed to the MnO,-
terminated LSMO.?! In addition, compared to dopants of
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Zr*t and La3™, Mn ions exhibit multiple valence states, such
as Mn** and Mn?*, which may provide enhanced flexibility
to tune the generation and distribution of oxygen vacancies.
These indicate that Mn doping into HfO, epitaxial film would
be important, but the relevant study is rare.*°! The crystal ori-
entation of the substrate can significantly influence the epi-
taxial growth of HfO; thin films, thereby tuning the stability
of the ferroelectric orthorhombic phase.!*!l Therefore, inves-
tigating the combined effects of Mn doping and substrate ori-
entation on HfO,-based thin films is of significant importance
for further understanding their ferroelectric properties.

In this work, epitaxial (111)-oriented Hf_,Mn,O, films
with O phase were grown on (110)- and (001)-oriented SrTiO3
(STO) substrates by pulsed laser deposition. The evolution of
structural, chemical, and ferroelectric properties of the HfO,
films with different Mn concentrations were investigated. It
was found that compared to Hf;_,Mn,O, films grown on
(001)-oriented STO substrates, Hf;_,Mn,O; films grown on
(110)-oriented STO substrates exhibit better crystallinity and
fewer oxygen vacancies, leading to lower E. and higher P;
values. These results further reveal the detrimental effect of
excessive amount of oxygen vacancies on the ferroelectricity,
and provide a strategy to tune the oxygen vacancies.

2. Experiments

Firstly, HfO, targets with different Mn doping concen-
trations were sintered using spark plasma sintering (SPS) sys-
tem. Next, bilayer films of LSMO (~ 20 nm in thickness)
and Hf;_,Mn,0, were deposited on both (001)- and (110)-
oriented STO substrates using pulsed laser deposition (PLD)
system. The LSMO bottom electrode layer was deposited at
650 °C under an oxygen atmosphere of 20 Pa with a laser fre-
quency of 5 Hz and laser energy density of 1.3 J/cm?. Sub-
sequently, epitaxial Hf;_,Mn,O; films were grown on LSMO
layer at 825 °C under an oxygen pressure of 13 Pa with a laser
frequency of 2 Hz. Finally, the films were cooled to room tem-
perature at a rate of 8 °C/min in 1000-Pa oxygen. The circu-
lar top electrode (Pt) was prepared using magnetron sputtering
and lift-off lithography.

The x-ray diffraction (XRD) with Cu Ky radiation was
used to characterize the crystal structure of the epitaxial films.
Moreover, the thicknesses of Hf;_,Mn,0O, and LSMO films
were obtained by x-ray reflectivity (XRR). Cross-sectional
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was utilized to investigate the
lattice structures of the films. The switchable ferroelec-
tric domains were investigated using piezoresponse force mi-
croscopy (PFM). The x-ray absorption spectroscopy (XAS)
was performed at the Hefei Light Source (National Syn-
chrotron Radiation Laboratory), utilizing the x-ray magnetic

circular dichroism (XMCD) experimental station. The mea-
surements were conducted with a spot size of 0.5 mmx1 mm
and an energy range of 50 eV-1000 eV. The x-ray photo-
electron spectroscopy (XPS, Kratos AXIS SUPRA+) were
implemented with the monochromatized x-ray source Al Ky
(1486.6 eV). The measured binding energy were calibrated us-
ing the C 1s peak at 284.8 eV. The macroscopic ferroelectric
properties of the Pt/Hf|_,Mn,O,/LSMO/STO capacitors were
measured using Keithley 4200A-SCS Parameter Analyzer, us-
ing the PUND (Positive-Up Negative-Down) mode at 10-kHz
triangular electric pulse.

3. Results and discussion

The XRD 6-260 scans of Hf;_,Mn,O, (x = 0, 0.05,
0.1, 0.15) films with a thickness of 10 nm grown under the
same conditions on (001)- and (110)-oriented LSMO/STO
substrates are shown in Figs. 1(a) and 1(b), respectively. The
Hf;_,Mn,O; films predominantly exhibit epitaxial growth
along the O-(111) direction (20 ~ 30.1°), with additional
diffraction peaks for M-(111) (26 ~ 28.4°) and O/M-(002)
(26 ~ 34.3°).3%] The intensity of the M-phase peaks first de-
creases and then increases with increasing Mn doping content,
and the similar trend is found for Hf;_,Mn,O; films grown on
STO substrates with both (001)- and (110)-orientations. No-
tably, the M-phase vanishes, and the clear Laue oscillations
are observed around the O-(111) peak in films with x = 0.1.
According to the fitting of Laue fringes (Fig. S1 in supporting
information), the thickness of Hfy 9Mng O, films is ~ 10 nm.
An Mn doping concentration of nearly 10% is more favorable
for stabilizing the O-phase.

The epitaxial growth of Hfy9Mng 0, films along O-
(111) were also evidenced by HAADF-STEM images as
shown in Fig. S2 in the supporting information. The identi-
cal epitaxial crystal structures of Hfp9Mng 1O, on (110)- and
(001)-oriented STO substrates at the same doping concentra-
tion indicate that the primary factors influencing the stabiliza-
tion of the O-phase in Hf;_,Mn,O, films are the doping ef-
fects.

Figures 1(c) and S3 display rocking curves of the
Hf;_,Mn,0O; films with different doping concentrations on
STO (001) and STO (110) substrates.
of Hf;_,Mn,0; films typically consists of two components:

The rocking curves

a sharp peak at the top, signifying regular two-dimensional
(2D) growth, and a broad peak at the bottom corresponding to
irregular three-dimensional (3D) growth.[”) The crystallinity
of films can be characterized by the ratio of the sharp/broad
peak.!'% Figure 1(d) exhibits the variation in the sharp/broad
peak ratio with different doping concentrations. The crys-
tallinity peaks at a doping level of x = 0.1, which may be as-
sociated with the disappearance of the M-(111) peak. With

purer O phase, defects, such as dislocations, likely forming at
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the boundaries between different phases, will be less, leading
to an increase in crystallinity. Notably, for all doping con-
centrations, Hf;_,Mn,O; films grown on STO (110) exhibit
significantly higher crystallinity compared to those grown on
STO (001).

It is well established that the substrate symmetry sig-
nificantly influences both the single-crystallinity and the fer-
roelectric phase fraction of HfO, thin films.!33! In particu-
lar, the 4-fold symmetry of an STO (001) surface differs
markedly from the 2-fold symmetry of an STO (110) surface,
leading to distinct domain-matching mechanisms in HfO,
films.** Figures 1(e) and 1(f) show XRD @®-scan pattern
of Hfy9Mng O, films at ¥y = 71°. On the STO (001) sub-
strate, twelve diffraction peaks are observed, each separated
by @ = 30°, indicating the presence of crystal variants in O-

(111) HfpoMng 0O, (3-fold symmetric surface) that are ro-
tated by 90° relative to one another. In contrast, for O-(111)
Hfp.9oMng 1O, grown on STO (110), six pairs of diffraction
peaks separated by 60° are observed, arising from the inter-
play between the 2-fold symmetry of the substrate and the 3-
fold symmetry inherent to the Hfy9Mng 1O, films. This re-
sults in the rotation of 2 domains by 180° with respect to the
out-of-plane [111] direction. The appearance of double peaks
suggests a degree of domain misalignment, and this kind of
the epitaxial structure can effectively reduce the misfit.[3:3]
In comparison to the Hfy9Mng 10, (111)/LSMO (100), the
HfyoMng 1O, (111)/LSMO (110) epitaxial structure is con-
ducive to the reduction of structurally equivalent domains and

defects, thereby enhancing crystallinity.
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Fig. 1. XRD 6-26 scans for Hf;_,Mn, O, films on (a) (001)- and (b) (110)-oriented LSMO/STO bilayers. (c) Rocking curves of Hfy9Mng 1O, films
on STO (001) and STO (110). (d) Doping concentration-dependent sharp/broad peak ratio for Hf;_,Mn,O, film on STO (001) and STO (110). XRD
@-scan pattern O-(111) reflections for Hfy 9Mng ;O films on (e) STO (001) and (f) STO (110).

Oxygen vacancies are often unavoidable in ferroelec-
tric oxide layers and significantly impact various prop-
erties, including coercive field, wake-up, and breakdown
characteristics. [*-381 To investigate the effect of different sub-
strate orientations on the formation of oxygen vacancy (Vo)
defects, XPS spectra were analyzed. Prior to measurement,
the surface of the Hf;_,Mn,O, film was etched with Ar™ ions
at 1 keV for 15 seconds to eliminate the effects of adsorbed
species such as oxygen and water from the air.?) A charge
calibration was performed using the C 1s peak (284.8 eV).[40]
Figures 2(a), 2(b) and S6 illustrate the details of the O 1s spec-
tra deconvoluted into two peaks: one corresponding to the lat-
tice oxygen peak associated with the Hf—O bond, and the other
representing the non-lattice oxygen/oxygen vacancy peak.[*!]
Figures 2(c), 2(d) and S7 show the Hf 4f spectra with the bind-
ing energies of ~ 16.6 eV and ~ 18.3 eV corresponding to

Hf*" 4f; 5 and Hf*" 4f;);, and ~ 16.1 eV and ~ 17.8 eV
corresponding to Hf*" 4f; , and Hf** 4fs, respectively. It
is evident that the oxygen vacancy and Hf*t concentration in
Hf;_Mn,O; films grown on STO (110) substrates is signifi-
cantly lower than that in films grown on STO (001) substrates
across all doping concentrations (Figs. 2(e) and 2(f)). This
is attributed to the high crystallinity of the STO (110)-grown
films, which inhibits the formation of defects. Moreover, the
changes in the binding energies of O 1s and Hf 4f, show the
same trend: their binding energies shift to higher energies as
Mn content is increased from 0% to 10%, and subsequently
shift back to lower energies at 15%-Mn content, which is at-
tributed to alterations in the chemical environments of Hf and
O, as well as the transformation of the Hf;_,Mn,O; crystal
structure caused by variations in doping levels. Similar trends
were observed in the Y-doped HfO, (HYO) films. (421

087701-3
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Fig. 3. The P-V loops with different doping concentrations of Hf;_,Mn,O, films on (a) STO (001) and (b) STO (110). (c) 2P; and (d) E. dependence on
different doping concentrations of Hf;_Mn,O, films on STO (001) and STO (110). (e) Endurance measurements of Hfp 9Mng ;O films. (f) Leakage

current curves of Hf;_,Mn, O, films grown on STO (001) and STO (110).

The ferroelectric characterization of Hf,_,Mn,O, films
including the measurement of polarization—voltage (P-V)
loops in PUND mode and corresponding ferroelectric switch-
ing current are shown in Figs. 3(a), 3(b), and S9. For
Hf,_,Mn,O; films on (001)-STO and (110)-STO substrates,
pure HfO, exhibits modest remanent polarization (F;) with
weak ferroelectric switching peaks, indicating relatively weak
ferroelectricity, which is associated with the presence of the
M-phase. The ferroelectricity of the Hf;_,Mn,O; films was
significantly enhanced through the doping of Mn ions, and

the P; values initially increased with Mn content and then

decreased at higher doping levels. The maximum P value

was attained in the film with x = 0.1. The ferroelectricity
Hfp9Mng O, films was also confirmed by PFM hysteresis
loops in Fig. S10. Combined with XRD results, it suggests
that an Mn concentration of 10% is optimal for stabilizing the
ferroelectric O phase and achieving improved ferroelectricity,
regardless of whether the substrate is STO (001) or STO (110).
The concentration is higher than the 3% optimal concentration
observed in epitaxial La-HfO, films, which may be attributed
to the differences in the size and chemical properties of the

various elements involved.[?*! In comparison to the films on
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STO (110) substrate, the ferroelectric P-V hysteresis loops
of the Hf|_,Mn,O, films grown on the STO (001) substrate
appear more “rounded”, with more “blunted” current peaks
and lower P, values with equivalent Mn doping levels, which
can be attributed to the elevated defect density. Figures 3(c)
and 3(d) summarizes 2P; values and coercive fields (E.) of
Hf|_,Mn, 0O, films on both substrates. Compared to the films
on STO (110) substrate, Hf;_,Mn,O; films grown on STO
(001) substrates exhibit lower 2P; values and higher E., which
is attributed to the pinning of ferroelectric domains caused by
an excess of oxygen vacancies.>*! This further highlights the
impact of defects on the ferroelectric domain switching behav-
ior.

Besides, as shown in Fig. 3(e), the endurance properties
of Hfp9Mng 10, thin films grown on STO (001) and (110)
substrates were measured. Compared to the film on STO
(001), the Hfp 9Mng 1O, film on STO (110) with superior crys-
tallinity and low defect content shows better endurance perfor-
mance. The leakage current curves of Hf|_Mn,O, films on
STO (001) and STO (110) are shown in Fig. 3(f). The films
grown on STO (110) show lower leakage current.

Figures 4(a) and 4(b) illustrate the variation of ferroelec-
tric properties of Hfyp 9Mng 10, films on STO (001) and STO

(110) in the temperature range of 77 K-300 K. Both the P;
values and E. decrease gradually with decreasing temperature
until 77 K, which is the same as the previous reports about
the trend of epitaxial HYO with temperature.!'! In contrast,
the P values and E; of polycrystalline HZO films and con-
ventional chalcogenide ferroelectric films decrease with in-
creasing temperature.[*3* For epitaxial Hfg9Mng 0;, the
ferroelectric behavior at room temperature is affected by non-
intrinsic factors such as oxygen vacancy migration. As the
temperature declines, the thermal movement of oxygen vacan-
cies is markedly diminished and ultimately arrested. At this
point, the P-V loops exemplify the intrinsic ferroelectric char-
acteristics. Figures 4(c) and 4(d) summarize the temperature
dependence of the P; values and E.. for Hfy Mng 1O films. As
the temperature is reduced from room temperature to 77 K, a
36% decrease in P values is observed for Hfg ¢Mng ; O, films
on STO (001), accompanied by a 6.8% decrease in E. In con-
trast, the P, values and E. for the films on STO (110) exhibit a
comparatively minor decrease of 11% and 3.3%, respectively.
These observations provide further evidence to support that
Hfy9Mng 10, films on STO (110) contain a reduced number
of oxygen vacancies than STO (001), a conclusion that is con-
sistent with the results observed through XPS analysis.
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= =
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Fig. 4. Temperature dependence of ferroelectricity in Hfp 9Mng ; O, films on (a) STO (001) and (b) STO (110). (c) P; and (d) E, dependence

on temperature of Hfp 9Mng 1O, films on STO (001) and STO (110).

4. Conclusion

In conclusion, we used the PLD method to deposit high-
quality epitaxial single-crystal Hf;_,Mn,O, thin films. The

most favourable O-phase stabilisation and robust ferroelectric
properties were observed at a 10%-Mn doping concentration
on (001)- and (110)-oriented STO substrates. Notably, com-
pared to (001)-oriented STO substrates, Hf;_;Mn,O, films
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grown on (110)-oriented STO substrates exhibited higher crys-
tallinity and fewer oxygen vacancies, leading to lower E. and
higher P, values. This work not only elucidates the crucial role
of substrate orientation in controlling oxygen vacancy defects
but also provides a strategy for defect engineering to optimize
the performance of HfO, ferroelectric materials.

Supplementary material

See supplementary material for the additional structures,
XPS results, and ferroelectric and dielectric properties of epi-
taxial Hf;_,Mn,O; films.
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