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Abstract Hafnium oxide-based materials have recently emerged as a promising ferroelectric (FE) material in the field of
non-volatile memory due to their compatibility with CMOS processes and high-density integration potential. However, it
is well known that hafnium-based ferroelectric materials have a large coercive field and a small breakdown field, resulting
in insufficient endurance. Therefore, there is a growing need to optimize the endurance of hafnium-based ferroelectric
materials while maintaining a large remanent polarization. In this paper, metal-ferroelectric-metal (MFM) capacitors with
low operating voltage below 1 V and high reliability have been successfully demonstrated using 5 nm hafnium zirconium oxide
(HZO) films optimized by lanthanum-doping. The 5 nm La-doped HZO (La:HZO, 1:7) capacitor exhibits a higher proportion
of the ferroelectric orthorhombic phase than that of the non-doped HZO capacitor, leading to a low operating voltage of
1 V with high doubled remanent polarization (2P;) over 30 uC/ch. In addition, La-doping effectively addresses the issue of
elevated leakage current density in 5 nm HZO capacitor, so that 5 nm La:HZO capacitor demonstrates a significantly higher
breakdown field strength. Owing to lower operating voltage and higher breakdown field, a La:HZO ferroelectric capacitor
with a robust endurance of 3 x 10! has also been achieved. The reliability of our La:HZO ferroelectric capacitor shows the
optimal overall performance among previous ferroelectric capacitors.
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1 Introduction

Non-volatile memory technology is one of the cornerstones of future new artificial intelligence applications
due to its ability for in-memory computing and potential for mass production. Recently, HfO2-based
ferroelectric (FE) materials have become promising candidates for the next generation of nonvolatile
memory due to their low thermal budget, compatibility with the CMOS process, and high capacity
[1-3]. However, since the switching behavior of polarization in HfOs-based ferroelectrics is very different
from that in traditional ferroelectrics such as perovskite materials, the coercive field (E.) of HfO2-based
ferroelectrics is relatively larger (1-2.5 MV /cm) than perovskite materials (0.05-0.1 MV /cm) [4-7], which
brings huge challenges to the endurance and power consumption of HfOs-based devices [8-10]. HfOo-
based ferroelectric thin films with lower operating voltage higher polarization, and large endurance are
desirable according to IRDS standards [11].

A straightforward approach to reduce the operating voltage (Vop) is to reduce the thickness of the
ferroelectric film. However, despite much progress on the most studied hafnium zirconium oxide (HZO)
films, high ferroelectric polarization with robust reliability is still challenging, especially when the thick-
ness of films scales down to 5 nm, mainly because of poor crystallization and high leakage current during
thickness scaling [12,13]. Meanwhile, the complex crystal phases with competing formation energy for
the ferroelectric orthorhombic phase (o-phase) between the non-ferroelectric tetragonal phase (t-phase)
and monoclinic phase (m-phase) lead to a dispersed distribution of coercive field, resulting in a larger
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operating voltage [14]. The larger operating voltage near the breakdown voltage of the ferroelectric films
will result in rapid failures such as time-dependent dielectric breakdown (TDDB) [15], which limits the
application of HZO FE capacitors. Another effective method to reduce the V;, is by doping with other
elements to change the various phase compositions of HfOs. For example, Li et al. [16] successfully re-
duced the coercive field by introducing Ga doping to control the phase composition and domain structure.
Recently, owing to the fact that the relatively large atomic size of Lanthanum (La) is conducive to the
stabilization of the ferroelectric o-phase, La-doped HZO (La:HZO) FE capacitors are reported to demon-
strate large remanent polarization, excellent endurance, and lower leakage [17-19], while La:HZO FE
capacitors suffer from an undesirable prolonged wake-up period especially under high operating voltage.
Weng et al. [20] addressed this issue by adjusting the precursor sequence in atomic layer deposition to
some extent. Kwon et al. [21] further studied the influence of interface seed layers and capping layers on
the film characteristics based on 9 nm La:HZO. However, in all of these studies of La:HZO, the thickness
of the ferroelectric La:HZO film is over 5 nm, which prevents achieving lower operating voltages.

In this work, 5 nm La-doped HZO FE capacitors were investigated by optimizing the Lanthanum con-
tent. The optimized La:HZO FE capacitor exhibits much higher o-phase content with improvement in
2P, at a low voltage of 1 V and higher breakdown characteristics than the HZO counterpart. Moreover,
La:HZO FE capacitor shows higher electric field tolerance than HZO FE capacitors by TDDB measure-
ment. Due to these characteristics, the 5 nm La:HZO FE capacitor with endurance over 3 x 10'' was
also demonstrated, showing the great potential of La:HZO films for scaled, high-reliability nonvolatile
memories.

2 Results and discussion

As shown in Figure 1(a), the main challenge in the endurance of hafnium-based ferroelectric memory
materials is that the endurance is not high enough, mainly because the living space (green parts in the
figure) between the coercive field and the breakdown field strength is not large enough. Therefore, to
improve the endurance, it is necessary to reduce the operating voltage as much as possible and increase
the breakdown field strength while ensuring that the remanent polarization remains unchanged or even
higher. Figure 1(b) shows a schematic diagram of reducing the operating voltage and increasing the
breakdown field in this work, which combines the two introduced methods to reduce the operating
voltage. A smaller V,, and a larger Eyq are achieved by reducing the film thickness and lanthanum
doping, as a result, ultra-thin La:HZO capacitors with high endurance are realized.

To verify the thickness of ferroelectric films and explore the crystallization of ferroelectric films, high-
resolution transmission electron microscope (HR-TEM) was used to characterize 11 nm HZO, 5 nm
HZO, and 5 nm La:HZO (1:7) capacitors. Figure 1(c) presents the energy dispersive spectroscopy (EDS)
mapping of a 5 nm HZO capacitor. The Hf and Zr elements are uniformly distributed within the HZO
layer. As shown in Figure 1(d), all three samples show the thickness as designed and good crystallinity.

The fabrication process of the metal-ferroelectric-metal (MFM) capacitor is introduced as shown
in Figure 2(a). First, the insulating high-resistivity silicon was cleaned using the standard RCA-1
(H202:NH,OH:H50 = 1:1:5) method. Subsequently, a 20-nm-thick bottom electrode tungsten (W) was
deposited by magnetron sputtering. Then the HZO and La:HZO ferroelectric films were grown by an ALD
system (Beneq TFS200). Tetrakis(ethylmethylamido)hafnium, tetrakis(ethyl-methylamino)zirconium,
and lanthanum formamidinate were used as the precursors for hafnium oxide, zirconium oxide, and
lanthanum oxide, respectively. Ozone was used as the oxidant source for all three oxides. One ZrOs
cycle and one HfOs cycle formed an HZO cycle. Each LayO3 cycle was followed by seven HZO cycles to
achieve uniform doping of lanthanum, as shown in Figure 2(b). Regarding the top electrode and anneal-
ing process, a 60 nm thick W layer was employed, and rapid thermal annealing (RTA) was implemented
at a temperature of 500°C for a duration of 60 s, respectively.

To ensure the successful doping of lanthanum elements, HZO and La:HZO (1:7) were characterized by
X-ray photoelectron spectroscopy (XPS). The La 3D peak is clearly observed in the La:HZO thin film as
shown in Figure 2(c).

Generally, HfOs-based ferroelectric materials are polycrystalline. The crystal phases of HfO5 materials
include the ferroelectric orthorhombic phase (o-phase), the antiferroelectric tetragonal phase (t-phase),
and the dielectric monoclinic phase (m-phase). To characterize these crystal phases, we used Grazing
incidence X-ray diffraction (GI-XRD) at an incident angle of 0.42° to analyze 5 nm HZO and La:HZO
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Figure 1 (Color online) (a) The main challenge of hafnium-based ferroelectric memory materials; (b) strategy to reduce operating
voltage and improve reliability of HZO ferroelectric films; (¢) the EDS mapping spectrum of a 5 nm HZO capacitor; (d) HR-TEM
images of 11, 5 nm HZO and 5 nm La:HZO (1:7) MFM capacitors.
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Figure 2 (Color online) (a) Fabrication of the MIM FE capacitors; (b) schematic diagram of the ALD process; (¢) XPS spectrums
of the HZO and La:HZO (7:1) films; (d) GI-XRD results of 5 nm HZO and La:HZO (1:7) films; (e) permittivity-voltage curves for
5 nm HZO FE capacitor; (f) permittivity-voltage curves for 5 nm La:HZO FE capacitor.

films with various La doping concentrations, as shown in Figure 2(d). The 26 range spans from 27° to
37°. The m-phase is mainly distributed at 26 values of approximately 28.5° and 31.7°, with the o-phase
at 30.4° and 35.5° and the t-phase at 30.8°. As shown in Figure 2(d), the monoclinic phase is basically
absent in the La:HZO thin film. Meanwhile, the position of the main peak of the La:HZO thin film
is closer to the position of the ideal o-phase (30.4°), which reflects that the La:HZO thin film contains
more o-phases. To verify this, we conducted additional measurements (C-V curves) to evaluate the
permittivity in favor of the phase difference, as shown in Figures 2(e) and (f). Both HZO and La:HZO
film exhibit ferroelectric butterfly-shaped C-V curves. Compared with HZO, the La:HZO film shows a
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Figure 3 (Color online) (a) PV-loops of 11-5 nm HZO and 5 nm La:HZO FE capacitors at the voltage of 2.0 V; (b) the extracted

2P, of FE capacitors with different thicknesses varies from 0.5 to 2.0 V; (¢) PUND measurements of 9, 7, 5 nm HZO and 5 nm
La:HZO capacitors at 2.0 V; (d) PUND measurements of 5 nm HZO and La:HZO capacitors at 1.0 V; (e) benchmark results of 2P,
at low operating voltages.

higher permittivity. This enhancement in the permittivity serves as an indication that the La:HZO film
contains a greater proportion of the ferroelectric orthorhombic phase.

In HfO5-based ferroelectric films, several electrical parameters play significant roles in determining the
overall reliability, such as operating voltage, leakage current, and breakdown field. A lower operating
voltage is highly desirable for reducing power consumption. On the other hand, minimizing the leakage
current and enhancing the breakdown field strength are crucial for maintaining the reliability of the
ferroelectric films.

The operating voltages of the FE capacitors were evaluated first. Figure 3(a) shows polarization-
voltage hysteresis (PV-loops) curves of 11, 9, 7, 5 nm HZO and 5 nm La:HZO (1:7) FE capacitors,
measured by 10 kHz bipolar triangular waves at the voltage of 2.0 V. As the thickness of HZO decreases,
the 2P, gradually increases, which illustrates that thinner FE films feature lower operating voltages. By
comparing the PV-loops of 5 nm HZO and La:HZO capacitors, 5 nm HZO FE capacitor shows a 2P, of
30 uC/cm? at 2.0 V, while 5 nm La:HZO FE capacitor shows a larger 2P, of 37 uC/cm?. To eliminate
the impact of leakage current, 2P, was extracted through the PUND measurements as shown in Figure
3(b). According to the IRDS standard for FeRAM, the 2P, value is required to reach 26.5 pC/cm? at
1 V. However, the 5 nm HZO capacitor requires an operating voltage of 1.6 V to achieve a 2P, value
of 26.5 uC/cm?, which does not meet the IRDS standard. In contrast, the La:HZO capacitor achieves
a 2P, of 26.5 uC/cm? at an operating voltage of 0.8 V, thus meeting the IRDS standard. Figure 3(c)
shows the PUND measurements of 9, 7, 5 nm HZO and 5 nm La:HZO capacitors at a voltage of 2 V.
It can be observed that 2P, increases as the thickness decreases. Figure 3(d) presents a comparison of
the PUND measurements of 5 nm HZO and La:HZO at a voltage of 1.0 V. The La:HZO ferroelectric
capacitor exhibits a 2P, value exceeding 30 uC/cm? at 1.0 V. These results demonstrate the advantages
of reducing the film thickness and lanthanum doping in lowering the operating voltage of ferroelectric
capacitor devices. A benchmark is conducted between the 5 nm La:HZO capacitors in this work and
the ultrathin ferroelectric capacitors reported in the literature. The La:HZO capacitors have certain
advantages in low voltage operation as shown in Figure 3(e) [12,13,22,23].

Figure 4(a) shows the IV-loop curves of 5 nm HZO and La:HZO FE capacitors, demonstrating that
the La:HZO exhibits a more uniform distribution of coercive field. The polarization current of the HZO
FE capacitor is distributed over a wider voltage range, while the polarization current of the La:HZO FE
capacitor is more concentrated with larger peak intensity. Evidently, the 5 nm La:HZO FE capacitor
exhibits a smaller coercive field.
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Figure 4 (Color online) (a) The IV-loop curves of 5 nm HZO and La:HZO (1:7) capacitors; (b) switching polarization of HZO
and La:HZO (1:7) after being written by the pulses with different pulse amplitudes and pulse widths.

The switching characteristics of the ferroelectric ultra-thin films are equally important in practical
applications. A faster switching speed means that the period of voltage operation can be reduced, which
is of great significance for memory devices as it directly affects the power consumption of the device in
practical applications. The polarization of ferroelectric materials consists of the ferroelectric spontaneous
polarization part and the dielectric polarization part. To clarify the actual charge-switching behavior un-
der a small operating voltage is obtained from ferroelectric spontaneous polarization, the actual switching
polarization (Psy) is obtained by subtracting the non-switching polarization from the switching pulse. In
order to more intuitively distinguish between the La:HZO (1:7) and HZO FE capacitors, the switching
polarization using this pulsed test was carried out with a voltage ranging from 0.5 to 1.5 V and the
pulse width ranging from 80 ns to 10 us. As shown in Figure 3(e), the La:HZO capacitor achieves over
20 uC/cm? switching polarization at 1 V within all the pulse widths range, much higher than that of
the HZO devices, which indicates that in the case of obtaining the same amount of polarization, La:HZO
capacitor results in lower power consumption in terms of both voltage and switching speed. The faster
switching speed of La:HZO capacitor benefits from its smaller coercive field. According to Merz’s Law [24],
the polarization switching time (7) can be approximately expressed as

1
. 1
TO(E—EC (1)

La:HZO capacitor with a lower coercive field shows faster switching speeds under the same applied voltage.
This is due to the fact that when the coercive field is smaller, the effective driving electric field (E — E.)
becomes larger, thus shortening the time for polarization switching.

As mentioned previously, the leakage current density and breakdown field strength are important
parameters for evaluating the reliability of ferroelectric capacitors. The 5 nm HZO capacitor exhibits a
relatively larger leakage current density than thicker films due to the tunneling effect, as shown in Figure
5(a). 5 nm La:HZO capacitor shows lower leakage current and a larger breakdown field in terms of
reliability. Figure 5(b) shows that the leakage current density of La:HZO FE capacitor is reduced by over
one order of magnitude compared to that of HZO FE capacitor. Considering the possible variations of
breakdown fields, a statistical distribution of breakdown fields was conducted by 10 devices, as shown in
Figure 5(c). As the thickness of the FE film decreases, the breakdown field strength of the FE capacitor
increases. This phenomenon can be attributed to the fact that a lower applied voltage diminishes the
energy of the electrons flowing through and mitigates the damage inflicted upon the HZO layer [25].
The breakdown field of La:HZO FE capacitor is higher than that of HZO FE capacitor by 0.6 MV /cm,
indicating the robust improvement reliability of La:HZO film.

TDDB refers to the gradual degradation of dielectric materials under sustained electrical stress over
time. It is an important factor in evaluating the long-term reliability and performance of electronic
devices, as it assesses how dielectric materials deteriorate and eventually fail when exposed to continuous
electrical fields. To fully assess the reliability of our FE capacitors, TDDB characteristics of 5 nm HZO
and La:HZO (1:7) were investigated as shown in Figure 6(a). The 5 nm La:HZO FE capacitor shows
a much longer lifetime of 1596 s compared to 65 s of the 5 nm HZO capacitor at the same voltage
of 3.9 V, indicating the higher electric field tolerance of La:HZO FE capacitor. The breakdown of
HfO5-based ferroelectric films results from the accumulation of defects such as oxygen vacancies, which
form conductive pathways and lead to failure. Lanthanum exhibits a high binding energy with oxygen



Zeng M, et al. Sci China Inf Sci June 2025, Vol. 68, Iss. 6, 160402:6

(a) (b) (c)

101 101 3 12} HZO HzZO HZO La:HZO|
r =] 11 nm 7 nm 5nm 5nm
10" 101} 510 a4  a AA
€ 10° < 109 Sosl 4 4 a4
N 10- o~ = 1 +— 0.8}
(\E_, 5 —11nm g . 7"leakage current | %0 ol A 4 A4
3 10 3 10 o0
S _ g nm S 10 d . > A A A A
~ 107 < 107 evices 204f 4 A A
- -7nm | S - —5nm HZO Sool &4 2 s &
107 -5nm 1071 ~5nmLaHzO| E°T & 1 14
a6 s 0 o 3 4 6 6 10 °%% 6 8 1o
Electric field (MV/cm) Electric field (MV/cm) Breakdown field (MV/cm)

Figure 5 (Color online) (a) The Jix-E curves of 11-5 nm HZO FE capacitors; (b) the Jix-E curves of 5 nm HZO and La:HZO
FE capacitors; (c) the cumulative distribution of the breakdown fields for FE capacitors.
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Figure 6 (Color online) (a) Jik-time curves at 3.9 V for 5 nm HZO and La:HZO (1:7). (b) Weibull distributions of TDDB
times for 5 nm HZO FE capacitors. (c¢) Weibull distributions of TDDB times for 5 nm La:HZO (1:7) FE capacitors. Endurance
characteristics of 5 nm HZO (d) and La:HZO (1:7) (e) with different electric fields (pulse width = 100 ns) at 1.5, 1.75, and 2.0 V.
(f) Endurance cycles of 5 nm HZO and La:HZO (1:7) at 3.0, 3.5, and 4.0 MV /cm.

(798 kJ/mol) [26], leading La:HZO less prone to oxygen vacancy generation under identical electrical
stress. This mechanism contributes to the superior electric field tolerance of La:HZO film. Statistics
on the breakdown times of 5 nm HZO and La:HZO at different voltages were carried out. As shown in
Figures 6(b) and (c), both of which follow the Weibull distribution at various voltages.

Moreover, similar to other non-volatile memories, the endurance of ferroelectric memory materials is
an extremely important parameter, particularly in practical applications. The endurance of 5 nm HZO
and La:HZO FE capacitors has also been investigated, using bipolar pulses with a pulse width of 100 ns
and voltages of 2.0, 1.75, and 1.5 V as shown in Figures 6(d) and (e). Just as shown in Figure 4(b), such
voltage and pulse width waveforms can completely reverse both 5 nm HZO and La:HZO capacitors with
switching polarization over 20 uC/cm?. As shown in this figure, a 5 nm HZO FE capacitor exhibits faster
breakdown characteristics while a 5 nm La:HZO FE capacitor breaks down more slowly at 2.0 V. As the
voltage decreases, the endurance increases accordingly. The 5 nm La:HZO FE capacitor keeps working at
1.5 V after 3 x 10'! cycles, showing no breakdown, while the 2P, of the HZO FE capacitor is lower than
the 18.1 uC/cm? standard (IRDS 2025) after 10! cycles [11]. The 5 nm La:HZO FE capacitor shows
no obvious wake-up effect, mainly due to two reasons. Firstly, as Figure 2(d) indicates, the La:HZO
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Figure 7 (Color online) (a) TDDB breakdown electric field extrapolation for ten years; (b) benchmark of ten years ETppp versus
thickness of ferroelectric films; (c¢) benchmark of endurance cycles versus Eop/FELq for 5 nm La:HZO.

FE film shows a large quantity of the o-phase and lacks a distinct m-phase, eliminating the m-phase
to o-phase transformation that is one source of the wake-up effect under electrical stress. Secondly, the
transformation from the unstable m-phase/t-phase to the o-phase requires a large amount of energy,
making the wake-up effect more likely under high voltage stress. However, the operating voltage for the
La:HZO FE capacitor in this work is optimized to be relatively low (<2 V), suppressing the occurrence
of the wake-up effect. The endurance cycles under different electric fields for 5 nm HZO and La:HZO are
summarized in Figure 6(f), showing 30 times higher for La:HZO than that of HZO.

Time-dependent breakdown characteristics can be evaluated through the electric field strength at
which the device can work stably for ten years. Meanwhile, such extrapolation can be used to evaluate
the lifetime of the device under any given applied electric field. According to the fitted breakdown times
when the failure rate of the device reaches 63.2%, the operating electric fields for a ten-year lifetime can
be extrapolated as shown in Figure 7(a), which is 4.46 MV /cm for the 5 nm HZO FE capacitor and
5.58 MV /cm for the 5 nm La:HZO (1:7) FE capacitor, showing the higher electric field tolerance of
La:HZO FE capacitor.

An in-depth comparison was carried out between the parameters of our 5 nm HZO and La:HZO
ferroelectric capacitors and those in the literature. Figure 7(b) shows the benchmark of Erppp versus
trp based on HfOg-based ferroelectric films [15,27-30]. Figure 7(c) shows the benchmark of endurance
versus E,,/Ebq based on ferroelectric films deposited by ALD, where our 5 nm La:HZO FE capacitor
achieves the best overall values for Erppg, endurance, Eop/Epq among [12,27,31-35].

3 Conclusion

In conclusion, we systematically characterized the ferroelectric properties and reliability of the 5 nm
HZO and La:HZO FE capacitors. The 5 nm La:HZO FE capacitor achieves a switching polarization
greater than 30 uC/cm? at the voltage of 1.0 V and 20 uC/cm? at the voltage of 0.7 V. Moreover, the
5 nm La:HZO FE capacitor exhibits significant advantages in leakage current, breakdown field, time-
dependent breakdown characteristics, and endurance, demonstrating its significant potential in future
low-power FeRAM devices.
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