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Abstract: At present, ion doping is a popular method typically used to regulate the ferroelectric
properties of Hfy5Zr) 50, films. In this work, Ce (cerium)-doped Hfj5Zry50, (Ce: HZO) films
on Pt/ TiN/SiO, /Si substrates were prepared by the chemical solution deposition (CSD) method.
The microstructure and ferroelectric properties of the Ce-doped HZO films were investigated in
detail. The experimental results showed that the remanent polarization value of the films with cerium
doping concentration of 7 mol% reached 17 uC/cm?, which is a significant improvement compared
with the undoped Hf( 5Zrj 50, films. The reason for this may be the introduction of cerium ions,
which can introduce a certain number of oxygen vacancies, thus stabilizing the formation of the
orthogonal phase. Interestingly, the films were shown to be nearly fatigue free after 10° cycles of
testing. These results demonstrate that cerium ion doping is an effective method for stabilizing the
formation of the orthogonal phase of HZO films, and improving the ferroelectricity of HZO thin films.

Keywords: Hfj 571 50, films; orthogonal phases; remanent polarization; endurance

1. Introduction

In the past, hafnium dioxide has typically been used as a high-k dielectric in state-
of-the-art complementary metal-oxide—semiconductor devices [1,2]. However, since the
discovery that hafnium oxide doped with silicon has ferroelectric properties [3], it has
attracted great attention because of its chemical simplicity, good compatibility with CMOS
processes, and excellent scalability [4,5]. In recent years, HfO, thin films doped with
elements such as Y [6], Al [7], Zr [8], Sr [9], etc., showing good ferroelectric properties,
have been reported. At the same time, scholars have carried out a lot of exploratory work
retarding the origins of ferroelectricity of hafnium oxide [10-12]. It is generally believed
that the ferroelectricity originates from the metastable orthorhombic phase (o-phase: Pca21).
However, the steady phase is the paraelectric monoclinic phase (m-phase: P21,.). To
obtain the steady ferroelectric o phase under normal conditions, many methods have been
developed to stabilize the ferroelectric o phase, such as through doping elements [13,14],
using flexible substrates [15,16], optimizing the annealing process [17,18], implementing
special electrode materials [19,20], selecting crystal orientation [21], etc.

Among the many hafnium-based ferroelectric thin films, HZO ferroelectric thin film is
the most promising choice for the application of ferroelectric memory. A lot of optimiza-
tion work has been carried out with respect to its ferroelectric properties. For instance,
Maxim et al. [22] fabricated La: HZO films, and a high remanent polarization value
(2P, = 30 pC/cm?) and excellent durability with 4 x 10! endurance cycle tests were ob-
tained. Mohit et al. [23] prepared Y: HZO films, and the experimental results showed that
the doping of yttrium helped to introduce oxygen vacancies, stabilizing the ferroelectric
o phase, and improving the remanent polarization value. In addition, Yin et al. [24] also
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improved the ferroelectricity and durability through a small concentration of Sr doping.
The results showed that Sr doping increased the grain size of HZO films, thereby reducing
the grain boundaries between grains and reducing the leakage current. Compared with
undoped HZO films, the microstructure and ferroelectric properties of the doped hafnium
zirconium oxide thin films were significantly improved by ion regulation.

In a previous report [25], HZO films were successfully prepared by a solution method.
However, the films exhibited a low remanent polarization of 8 uC/cm? and a rough surface.
Recently, Shiraishi et al. [10] and Kiinneth et al. [26] reported that Ce element is an excellent
dopant that is helpful in regulating the microstructure and improving the ferroelectric prop-
erties of hafnium oxide thin films. In the present work, we report Ce doping in Hfy 5Zry 50,
films, and different Ce concentrations (0 mol%, 2 mol%, 5 mol%, 7 mol%, 9 mol%) HZO
thin films are fabricated by chemical solution deposition method on Pt/Ti/SiO;/Si sub-
strates. The effects of cerium content on the microstructure and ferroelectric properties of
HZO films are systematically investigated. The results demonstrate that improvement of
ferroelectric polarization can be realized in CeO,-HZO solid solution thin films.

2. Experimental Procedure

The experimental process is presented in Figure 1. Hafnium acetylacetonate, zirconium
acetylacetonate, acetylacetone, acetic acid and cerium nitrate were used to prepare precursor
solutions. The concentration of the precursor solution was 0.1 mol/L, and the ambient
humidity was kept between 10% and 30%. The weighed hafnium source, zirconium source
(the mole ratio of hafnium source to hafnium source was 0.5:0.5) and cerium source were
poured into the sample bottle. Then, the acetic acid and acetylacetone with a volume ratio
of 4:1 were added to the sample bottle. The obtained mixed solution was then heated
and stirred in the water bath for 2 h with the temperature at 55-60 °C so as to facilitate
the dissolution of cerium nitrate particles. After stirring, it was left for 72 h, then the
precursor solution was filtered, before being packaged and stored in order to obtain the
desired solution.
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Figure 1. Schematic diagram of the experimental process.

The substrate we used was Pt (111)/TiN/SiO, /Si (100), with a sheet resistance of
0.001-0.005 ©3/cm. The substrate was cleaned using the standard RCA process. Before
preparing the films, the surface was wiped with ethanol to ensure that the substrate surface
was clean. The prepared precursor was dropped in the center of the substrate, and rotated
at 500 rpm for 15 s and 3000 rpm for 30 s, respectively, to obtain a layer of thin film, which
was then dried at 180 °C for 3 min and 400 °C for 5 min. Then, the thin film was annealed
in an N, atmosphere by raising the temperature to 800 °C for 150 s, and then cooling to



Coatings 2022, 12, 1766

30f10

room temperature. Finally, a block electrode and a point electrode of Pt were plated on
the thin film using an ion sputtering apparatus (GSL1100X-SPC-12, made by Hefei Jinke,
Hefei, China), and the radius and the thickness of the point electrode were 100 pm and
about 30 nm, respectively. It should be noted that the point electrode was prepared by
means of a mask. When the ion sputtering instrument was powered on, the target splashed
atoms in all directions under the action of voltage, and the atoms fell on the surface of
the sample, which was covered with a mask to form the point electrodes. The phase of
the films were analyzed using Grazing—angle incident X-ray diffraction (GIXRD, Neo-
confucianism Ultima IV, Tokyo, Japanese). The chemical composition and valence state of
the film surface species were obtained by X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha, Waltham, MA, USA). The structure of the film was characterized by
high-resolution transmission electron microscopy (HRTEM, FEI Talos F200X, Hillsboro,
OR, USA). The ferroelectric and dielectric properties of the films were measured using a
TF3000 Analyzer and a semiconductor analyzer (Agilent B1500A, Agilent Technologies,
CA, America).

3. Results
3.1. Microstructure Characterization of Ce: HZO Films

Figure 2a demonstrates the XRD pattern of Ce: HZO films, with all films being
annealed at 800 °C. It can be observed that the films show phase transitions with increasing
cerium doping concentrations. A relatively prominent diffraction peak can be seen at
20 = 30.4°. This peak corresponds to the (111) plane of o/t phase; although it is difficult
to identify the specific phase due to their similar lattice parameters, this peak can still
provide information for the identification of the structural evolution in the phase transition
process [27-29]. Figure 2b shows that when the doping concentration changes from 0 mol%
to 7 mol%, the diffraction peak of the ferroelectric o phase gradually increases, and the
ferroelectric o phase potentially becomes dominant. However, when the cerium doping
concentration reaches 9 mol%, the diffraction peak of (111); is enhanced compared with the
case of 7 mol%, indicating an increase in the tetragonal phase. Meanwhile, the diffraction
peak of (111)o becomes weak, indicating a decrease in the ferroelectric o phase. Theoretical
studies have shown that the use of an appropriate ion doping concentration can reduce
the relative free energy of the m phase and the metastable o phase of HfO, and ZrO,, thus
realizing the stable formation of o phase [30]. However, the diffraction peaks at 31.7° for
(111)y, and 35.2° for (020)r, are very weak for all doping conecentrations, and change only
slightly. For the doping concentration of 0 mol%, the (-111), diffraction peak at 26.8° is
more obvious, which is suppressed with increasing doping concentration.
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Figure 2. (a) GIXRD of different doping concentrations films; (b) zoomed-in view of the main peak
from 28° to 32°.
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The chemical states and bonding environments of Ce: HZO films can be directly
understood through analysis using X-ray photoelectron spectroscopy. Figure 3a presents
the high-resolution XPS spectrum of Hf 4f. The bimodal peak positions of Hf 4f for the
7 mol% sample are at 16.8 eV and 18.5 eV, respectively, which can be attributed to Hf 4f;/,
and Hf 4fs5/,, respectively, corresponding to the +4 valence state of hafnium in HfO, [31].
The binding energy at about 530 eV in Figure 3b is related to the lattice oxygen, indicating
the formation of Hf-O bonds, Zr—O bonds and Ce—O bonds [27]. Meanwhile, the higher
binding energy at about 532 eV corresponds to non-lattice oxygen. The presence of non-
lattice oxygen can be attributed to the overlapping of the surface hydroxyl groups and
oxygen vacancies, but it is difficult to distinguish their contributions [28,32]. With regard
to oxygen vacancies, they may be introduced when Hf** is replaced by Ce3*, similar to
what occurs in Y-HfO, ferroelectric films [33]. Figure 3c shows the XPS spectra of Ce>* and
Ce**. Figure 3d presents the XPS survey spectra of 7 mol% Ce-doped films without the
impurity peak. It can be observed from Figure 3a,b that the bond energy of both Hf 4f and
Ols increases with increasing doping concentration, which may be related to the increase in
oxygen vacancy concentration in the thin film. In a study on La: HfO, [34], it was reported
that the films with pure oxygen vacancies on the surface were able to inhibit the formation
of the m phase, while a large number of oxygen vacancies caused the ferroelectric properties
of the films to disappear, and a moderate oxygen vacancy concentration contributed to the
stabilization of the ferroelectric o phase.
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Figure 3. (a) High-resolution XPS spectra of Hf 4f and (b) O 1s core level with different Ce concentra-
tions; (c) Ce 3d and (d) XPS survey spectra of 7 mol% Ce—doped films.

Figure 4a reveals the cross-sectional transmission electron microscope (TEM) images
of the 7 mol% Ce: HZO metal-ferroelectric-metal (MIM) structure. To improve the con-
ductivity during the test, a gold layer was deposited on platinum. It can be seen that
the thickness of the Ce: HZO film was 20 nm. An enlarged HRTEM image is shown in
Figure 4b. The two selected regions are marked with a yellow frame and an orange frame,
respectively. Fast Fourier transform (FFT) was performed to obtain the phase structure;
the inter-plane distance of the yellow frame was about 2.94 A and the orange frame was
2.54 A [35,36], corresponding to the (111)o and (020)m planes, respectively. It can be seen
that the proportion of o phase in the thin film was much more than that of the m phase.
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Combined with XRD and the electrical properties (described below), the stable formation
of ferroelectric o phase can be confirmed.

(b)

Figure 4. (a) TEM images of the Pt/Ce: HZO/Pt metal—ferroelectric-metal (MIM) structure; (b) cross-
sectional HRTEM image of the 7 mol% Ce doping HZO films.

3.2. Electrical Properties of Ce: HZO Thin Films

Figure 5a shows the corresponding P-E hysteresis loop of Ce: Hfy 5Zry50; thin films
with Ce doping concentrations ranging from 0 mol% to 9 mol%. The applied electric field
was 2.5 MV/cm. It can be observed that the P-E hysteresis loop shows a small residual
polarization at a doping concentration of 0 mol%. The reason for this can be seen in the
XRD results presented in Figure 2. In the 0 mol% case, the diffraction peak of (111), is
not clear, indicating that the stable ferroelectric o phase has not been formed. Thus, the
ferroelectricity will be very weak. With an increase in the Ce content to 5 mol%, the film
shows a mixed phase consisting of o phase and m phase, and the ferroelectricity gradually
appears, showing a residual polarization value of about 13 uC/cm?. Furthermore, when
the Ce content reaches 7 mol%, the film exhibits pronounced ferroelectric properties, and
the residual polarization value is nearly 17 pC/cm?, which is a remarkable improvement
compared with the existing results listed in Table 1. However, with the increase in Ce
content to 9 mol%, there is an obvious decrease in the remanent polarization, which can be
seen clearly from Figure 5b. This phenomenon can also be understood from the GIXRD
results presented in Figure 2. In Figure 2b, an increase in the tetragonal phase and a decrease
in the ferroelectric o phase can be observed compared with the 7 mol% case, resulting in a
decrease in residual polarization value. In Figure 5b, the values of the coercive field for
films different Ce doping concentrations are also presented. In each case, the value of E. of
the Ce: Hfy 521950, thin films is less than 1.2 MV /cm. The relatively low values of E. may
help to improve the endurance of the thin films.
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Figure 5. (a) P-E curves and (b) P; for Ce: HZO thin films with different Ce concentrations.

Testing the relative dielectric constant versus electric field (¢,—E) curve is also an effec-
tive method for characterizing the ferroelectric and dielectric properties of thin films [28].
Figure 6a shows Ce: HZO thin films with different doping concentrations. The ¢,—E curve
is normal for ferroelectrics when the doping concentration is between 0 mol% and 7 mol%.
When the doping concentration is 9 mol%, the &—E curve presents a double butterfly
shape, showing antiferroelectricity characteristics. In previous studies, it has been found
that the monoclinic phase of the hafnium oxide ferroelectric film showed a low relative
dielectric constant, while the orthogonal phase and cubic phase had a high dielectric
constant [13,22,37]. As shown in Figure 6b, with a doping concentration of 0 mol%, the
lowest relative dielectric constant can be observed, which may be related to the dominant
monoclinic phases in the film, and this phenomenon is consistent with the GIXRD diagram.
The monoclinic phase decreases with increasing Ce content, while the high dielectric phase
increases obviously, and the relative dielectric constant increases. With the increase in dop-
ing concentration, the hysteresis electric field of the film finally stays at about 0.2 MV /cm,
which may be due to the change in film uniformity caused by different cerium doping
concentrations [38]. These results indicate that the introduction of cerium can promote the
uniformity of HZO films.

Electric field (MV/cm)

Doping contentration (mol%)

Figure 6. (a) &,—E curves and (b) hysteresis electric field of Ce: HZO thin films with different

Ce concentrations.
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The polarization fatigue of the HfO, ferroelectric layer is an important factor in
determining the lifetime of non-volatile memory devices. Figure 7 shows the endurance
properties of Ce: HZO thin films with three different concentrations—0 mol%, 5 mol%, and
7 mol%. The films were cycled with a bipolar square wave at a cycle field of 2.5 MV/cm
and a frequency of 500 kHz. Compared with the initial state, there was a slight increase
in the polarization before 10° switching cycles. This phenomenon can be attributed to
the more uniform distribution of oxygen vacancies, which can reduce the domain wall
pinning, and more and more domains are involved in the polarization reversal, leading
to an increase in remanent polarization [39,40]. For the pure and 5 mol% concentration
HZO thin films, after 10® cycling tests, obvious polarization fatigue was evident, which
can be attributed to the cumulative Joule heating and charge trapping effects induced by
the leakage current [24]. It is worth mentioning that the Ce: HZO thin films with 7 mol%
concentration showed a stable endurance up to 10° bipolar switching cycles, which is better
than the results previously reported [41-43]. These experimental results show that doping
with cerium can greatly improve the durability of Hfy 5Zr 50, films.
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Figure 7. Endurance properties of thin films (0, 5, 7 mol%) at a cycling field of 2.5 MV/cm and a
frequency of 500 kHz.

Table 1. Properties of HfO,-based ferroelectric thin films fabricated by CSD.

Remanent

Dopant

Dopant Polarization Coercive Field Concentration Substrate Film
> (MV/cm) o (Bottom Electrode)
(uC/em?) (mol%)

Sm 12 (=11, +1.6) 5.2 Pt [11]
(Zr,Y) 15 (—1.4,+1.4) 5 Pt/Ti/SiO,/Si [23]
(Zr, Sr) 14.6 (—1.1,+1.1) 0.5 Pt/Ti/SiO,/Si [24]

Zr 8 (—0.8, +0.8) 50 Pt/TiO,/(100) Si [25]

Pr 6.9 (-1.2,+1.2) 5 Pt/ TiO,/(100) Si [28]

Y 14.2 (+14, —1.8) 2 Si (100) [33]

La 12.5 (=11, +1.6) 5.2 Pt [34]

Y 10 (—1.6,+1.0) 5 Pt [39]

Ba 12 (—1.7, +1.5) 7.5 Pt/TiO, /SiO, [44]

Ca 5 (—0.9, +0.7) 5.2 Si (100) [44]

Mg 3 (—0.8, +0.8) 75 Pt/ TiO,/SiO, [44]
(Zr, Ce) 17 (—1.2,+1.1) 7 Pt/Ti/SiO, /Si This work
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4. Conclusions

In summary, Ce: Hfy5Zr(50; thin films were successfully prepared by chemical
solution deposition. The XPS results showed that appropriate Ce doping can introduce
a certain amount of oxygen vacancies, which helps to form the ferroelectric o phase.
In addition, Ce doping can improve the dielectric properties and uniformity of HZO
films. In the Ce: Hfy5Zry50; thin film with a doping concentration of 7 mol%, a stable
ferroelectric o phase was formed, and the residual polarization value reached 17 uC/cm?.
Meanwhile, after 10° bipolar switching cycles, the film showed good endurance, and only
slight degradation of polarization. The results show that cerium doping can improve the
ferroelectric properties and durability of Hfy 5Zr 50, thin films.
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