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Abstract 

The crucial role of nanocrystalline morphology in stabilizing the ferroelectric orthorhombic (o)-

phase in doped-hafnia films is achieved via chemical solution deposition (CSD) by intentionally 

retaining carbonaceous impurities to inhibit grain growth. However, in the present study, large-

grained (> 100 nm) La-doped HfO2 (HLO) films are grown directly on silicon by adopting 

engineered water-diluted precursors with minimum carbonaceous load and excellent shelf-life. 

The o-phase stabilization is accomplished through well-distributed La dopant, which generates 

uniformly populated oxygen vacancies, eliminating the need for oxygen-scavenging electrodes. 

These oxygen-deficient HLOs show a maximum remnant polarization of 37.6 µC/cm2 (2Pr) 

without wake-up and withstand large fields (> 6.2 MV/cm). Furthermore, CSD-HLO in series 

with Al2O3 improves switching of MOSFETs (with amorphous oxide channel) based on the 

negative capacitance effect. Thus, uniformly distributed oxygen vacancies serve as a standalone 

factor in stabilizing the o-phase, enabling efficient wake-up–free ferroelectricity without the need 

for nanostructuring, capping stresses, or oxygen-reactive electrodes. 
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oxygen vacancy 

Introduction 

Ferroelectrics possess polarization even when there is no electric field, making them useful 

in various applications, including three-terminal devices like ferroelectric field-effect transistors 

and negative capacitance field-effect transistors (NCFETs) (description S1). The ferroelectricity 

observed in doped-hafnia (HfO2) makes it CMOS-compatible, and the ferroelectric response 

becomes prominent at thicknesses ≈ 10 nm.1, 2 HfO2 crystallizes in the monoclinic phase (P21/c, 

m-phase) at room temperature and standard pressure. At high temperatures and pressures, it 

exhibits metastable phases, namely, the cubic phase (Fm 3̅m, c-phase) or tetragonal phase 

(P42/nmc, t-phase). These two phases can be stabilized by nanostructuring and doping at room 

temperature.3, 4 While the original metastable phases are centrosymmetric and nonpolar, the 

stabilized orthorhombic (Pca21, o-phase) and rhombohedral phases (R3m, r-phase) are non-

centrosymmetric and exhibit ferroelectricity.3, 4 

The emergence of o-phase is attributed to the formation of sub-10 nm grains owing to its 

lower volume compared to the m-phase.1, 2, 3 Numerous attempts were reported to crystallize 

doped-HfO2 with nanostructured morphology, especially in the case of films from atomic layer 

deposition (ALD) and chemical solution deposition (CSD).4, 5 [J. Mater. Chem. C 8, 2820 (2020), 

10.1149/2.0061512jss, Appl. Phys. Lett. 117, 212904 (2020), 10.35848/1347-4065/aba50b, 

https://doi.org/10.1016/j.ceramint.2017.05.181, https://doi.org/10.1002/admi.202100907, 

10.7567/JJAP.57.11UF06] Former is known to deposit robust monolayers and latter is mainly 

employed to grow thicker films.6, 7, 8 In both the cases, a prominent mechanism of inhibiting the 

grain growth, i.e., kinetic stabilization of o-phase is used.9 The retained carbonaceous impurities 

arising from the incomplete oxidation of precursor, serves as a growth inhibitor.10, 11 However, the 

https://doi.org/10.1016/j.ceramint.2017.05.181
https://doi.org/10.1002/admi.202100907
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presence of small grains, i.e., large grain boundary area with carbon segregation, leads to high 

leakage currents and low electrical breakdown.5, 12 Despite being cost-effective and having high 

yield, with greater processing controllability for a wide range of chemical compositions, CSD-

processed films (with grain-boundaries decorated by carbonaceous impurities) face challenges in 

commercialization because the resulting film is not suitable for industry-grade application. 

Specifically, although CSD has been consistently used to produce electronic-grade oxides over the 

years, its efficacy in developing robust HfO2-ferroelectics is not fully understood except few 

attempts on thicker films (e.g., 390 nm)8 with small grains (radius ≈ 10 nm) via a mechanism 

similar to ALD.  

Moreover, there have been no reports on ferroelectric phase stabilization in carbon–

inhibitor-free doped-HfO2 films or the related microscopic mechanism and no attempts have 

succeeded in extending CSD to ultrathin films (< 15 nm), despite their requirement for ultradense 

nanoelectronics.13 Herein, both the thickness and carbon-impurity issues mentioned above are 

addressed by engineering precursors with minimum carbon-load and depositing phase-pure 

ultrathin films directly on silicon. Further, lanthanum (La) is proven to be a very suitable stabilizer 

of ferroelectric o-phase, predicted by density functional theory and La-doped HfO2 (HLO) films 

have experimentally shown robust ferroelectricity.6, 14 Herein, CSD-mediated HLO ferroelectric 

films are deposited on silicon using chloride and nitrates as the Hf and La sources, respectively; 

the solvent used to form homogeneous and pure precursors is a mixture of miscible 2-

methoxyethanol (2-ME) and water (Aq). Simple inorganic salts are easily decomposed and provide 

better film quality, and hence are preferred over long-chain carbonaceous ligands. A large-aqueous 

fraction in precursors allows films to be free of carbon inhibitors and La-doping results in uniform 

distribution of intrinsic oxygen (O) vacancies15, which is harnessed to maximize polarization 
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charge. These aqueous CSD-processed HLO thin films are further integrated with Al2O3 in the 

gate stack of amorphous indium gallium zinc oxide (IGZO)–channel MOSFETs to improve the 

electrical characteristics in terms of output current (ION) and subthreshold swing (SS) through 

negative capacitance (NC) effect. 

Results and Discussion 

Ferroelectricity in large-grain CSD-HLO thin film on silicon 

HLO thin film directly grown on silicon without a buffer-metal, makes it CMOS-

compatible (Fig. 1a). No capping-electrode-induced stresses were used to stabilize the desired 

ferroelectric o-phase. The precursor was composed of a co-solvent (2-ME and Aq, designated as 

[2-ME+Aq], hereafter) with large (62.5 vol.%) of Aq. Presence of small fraction of 2-ME reduces 

the surface tension of precursor, promoting easy spread of precursor on silicon; multiple spin-

deposition and thermal annealing steps were found advantageous in growing amorphous HLO 

films, and their crystallization using rapid thermal annealing (RTA) was helpful to achieve o-phase 

(Fig. 1b). 2-ME+Aq precursor was also efficient in atomic-level mixing of Hf and La-sources 

resulting in the uniform distribution of La throughout the film thickness (Fig. 1c), thus, effect of 

La3+ was isotropic. The choice of Hf-chloride (HfCl4) and La-nitrate (La(NO3)2) as cation sources 

in aqueous medium was to minimize the carbon load. However, since carbon sourced from the 

small fraction of 2-ME was effectively removed by annealing, this led to impede-free grain growth 

(> 100 nm) (Fig. 1d). Further, Fig. 1e shows the polarization vs. electric field (P vs. E) loop of a 

≈ 35-nm HLO layer inserted between silicon and Mo-metal forming a two-terminal capacitor, from 

which remnant polarization (2Pr) of 37.6 μC/cm2 and coercive field (EC) < 4 MV/cm are extracted. 

The wake-up–free, stable 2Pr is observed under cyclic electric field (2×106 times) (Fig. 1f). The 
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P–E loop is fitted with Landau-Khalatnikov equation generalized to include the dielectric 

contribution of co-existing non-polar phases in the HLO film 16 (Fig. 1e and description S1). 

 

Figure 1. Aqueous CSD-processed HLO thin film on silicon. Schematic of a Si/SiO2/HLO 

structure and b solution deposition and annealing processes. c Nanoscale elemental distribution 

mapping for the HLO film (La~7.4 %) deposited from [2ME+Aq] precursor crystallized at 800 

oC. d Schematic presenting the effect of carbon inhibitors in growing small grains and absence of 

which leads to large grain size; Band contrast image of electron backscatter diffraction (EBSD) 

analysis for grain size measurement of [2-ME+Aq] HLO thin film crystallized at 800 oC (scale 

bar: 300 nm). e Ferroelectric polarization measurements of Si/HLO(≈ 35 nm)/Mo capacitors fitted 

with generalized Landau-Khalatnikov equation. f Effect of electric field cycling on the 

ferroelectric polarization of [2-ME+Aq] HLO thin film. 
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Deposition strategy and thickness-dependent phase evolution 

The decomposition of precursor to form desired –Hf–O–La– network is initially probed 

using thermogravimetric analysis (TGA) and differential thermal analysis (DTA), the recorded 

thermal traces of precursors determine the minimum annealing temperature (Ta). The temperature 

at which the TGA curves reach a horizontal plateau is the minimum Ta (≈ 350 °C) (Fig. S1a-b). 

Annealing at 350 °C eliminates solvent and bridging ligands, thus reducing the film volume. The 

repeated deposition-and-annealing cycles build a stack of ultrathin films of same thicknesses, 

evident from the linear growth (Fig. S2). This conveys the effective replication of single-layer 

thickness with successive deposition cycles. The subsequent deposition-and-annealing cycles do 

not affect the underlying film thickness, because the layers-beneath have already undergone a 

complete transformation to HLO (Fig. S3). Thus, the primary building block of the stack (i.e., the 

single deposited layers) is free from impurities (C, Cl, and N). The EELS analysis for the ligand-

induced impurities confirms the compositional purity (Fig. S4-S5). Notably, the presence of 

carbonaceous impurities was considered essential to inhibit grain growth. However, this leads to 

an inconsistent reduction in thicknesses of the preceding layers when deposited in multiples. The 

systematic growth of layers to yield the desired film thickness standardizes CSD by ensuring 

thickness reproducibility. Thus, the choice of chloride- and nitrates along with the low molarity 

(83 mM) simplifies the prediction of the number of layers to be deposited. 

Amorphous films derived from these precursors were crystallized via RTA at 700 and 800 

°C and their phase evolution was investigated using grazing incidence x-ray diffraction (GIXRD) 

(Fig. 2a-d). Films (< 20 nm thick) deposited from the pure 2-ME precursor were amorphous at 
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700 °C. In contrast, thicker films show diffraction peaks (Fig. 2a, zoomed). Both the 27- and 35-

nm-thick films show characteristic (111) reflection of the o/t/c-phases at ≈ 30.6° (2θ), and with 

increasing film thickness, two signature peaks correspond to the (1̅11) and (111) reflections of the 

m-phase appear at 28.4° and 31.6°, respectively.3, 6 On increasing the RTA temperature (800 °C 

for 60 s), the films in the ultrathin regime (thickness < 20 nm) show diffraction signatures of the 

o/c/t-phases. For the ≈ 35 nm HLO film crystallized at 800 °C, the averaged grain size from 

electron backscatter diffraction was estimated to be ≈ 119 ± 33 nm (Fig. S6). 

 

Figure 2. Structural characterization of HLO films grown on silicon. GIXRD patterns of CSD-

processed HLO films of different thicknesses (note: the notation used to describe the processing 
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conditions is [solvent-used, RTA-temperature], where RTA-temperature represents the 

crystallization temperature): a [2-ME, 700 °C], with an exaggerated view of a selected range of 

patterns at a logarithmic relative intensity scale, where t, m, o and c represents tetragonal, 

monoclinic, orthorhombic and cubic phases, respectively. Photographs of film surfaces (scale: 1 

cm) presenting the variation in color with increasing thickness, b [2-ME, 800 °C], c [2-ME+Aq, 

700 °C] d [2-ME+Aq, 800 °C].  

 

Replacing some of the 2-ME with synergistically-effective solvent-water has advantages 

such as moisture-insensitiveness and, interchanging of strong covalent bonds of 2-ME by weak 

electrostatic interaction between metal cations and aqua ions.17 Additionally, high molecular 

weight 2-ME is comparatively more viscous than water and requires thermal driving force to 

evaporate, whereas water quickly evaporates but results in poor morphology.18 With this trade-off 

in mind, a co-solvent comprising water and 2-ME (5:3 v/v) was further adopted. With a large 

fraction of water, more coating steps are required to achieve a thickness similar to that of 2-ME-

based precursor (Fig. S2). Irrespective of RTA temperature, [2-ME+Aq] films were found to 

crystallize in o/c/t-phases (Fig. 2c-d). Furthermore, the roughness of HLO films was found < 0.5 

nm presenting their device-integrable quality (Fig. S7a-c). 

Overall, the GIXRD results indicate that the crystallinity of the HLO films on Si/SiO2 

improves with increasing thickness. Notably, the films grown using 2-ME+Aq-based precursor 

show a single-phase configuration, even at a thickness of ≈ 9 nm. Due to the structural similarities 

of the c–, t–, and o–phases,19, 20 an extended investigation using atomic-resolution scanning 

transmission electron microscopy (STEM) combined with position-averaged convergent beam 

electron diffraction (PACBED) and energy dispersive X-ray spectroscopy (EDX) was utilized.19, 

21, 22 
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Structural and chemical analysis 

Three ≈ 35 nm thick HLO films, [2-ME, 700 °C/800 oC] and [2-ME+Aq, 800 oC] were 

analyzed by high-angle annular dark field (HAADF) STEM. Low-magnification HAADF STEM 

images of each film are shown in Fig. 3a–c. Nanoscale EDX maps of the three samples (Fig. 1c 

and Fig. S8) reveal that La is uniformly substituted for Hf-host without segregation and that doping 

concentration is ≈ 7 % relative to the Hf. These observations, made from a relatively large field-

of-view, demonstrate that the HLO films grew uniformly with a flat surface regardless of the 

solvent. To determine the crystal structure of the major phase in HLO films, atomic-resolution 

HAADF STEM imaging was performed (Fig. 3d–f). The images exactly match the atomic models 

of orthorhombic structure proving it to be the major phase, which supports the macroscopic 

GIXRD interpretations. Additional fast Fourier transform (FFT) and PACBED analyses21 on the 

same regions verify the formation of the o-phase (Fig. S9). Note that the m-phase in the HLO [2-

ME, 800 °C] sample is not observed within the TEM observation scale due to its small phase 

fraction. 

A notable difference between the two different treatments [2-ME] and [2-ME+Aq] adopted 

for HLO growth was found from atomic-resolution STEM-EDX mapping.23, 24 According to 

elemental distribution maps of Hf (purple) and La (green) obtained for the two different HLO films 

annealed at 800 °C (Fig. 3g-h), Hf and La atoms are inhomogeneously distributed in the HLO [2-

ME] film, whereas they are uniformly distributed in the HLO [2-ME+Aq] film. This suggests that 

the local chemical composition differs in the HLO [2-ME] film. Fig. 3i represents the standardless 

quantification of La content at different locations on both [2-ME] and [2-ME+Aq] HLOs. This 
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depicts compositional fluctuation of La dopants mainly in [2-ME] HLOs, while [2-ME+Aq] HLOs 

present a well-maintained dopant concentration of ≈ 7 %.  

 

Figure 3. Atomic structures and site population of La dopants. a–c Low-magnification HAADF 

STEM images of HLO [2-ME, 700 °C], [2-ME, 800 °C], and [2-ME+Aq, 800 °C] films, 

respectively. Scale bars are 10 nm. d–f Atomic structure images of the three regions marked by 

white squares in the three HLO films. The three regions chosen for atomic structure observation 

were aligned to the crystal zone axis of [101̅] or [001], and the corresponding atomic models (Hf: 

purple ball, O: dark yellow ball) show an excellent match with the atomic-resolution HAADF 

STEM images. Scale bars are 1 nm. (g, h) Atomic-resolution STEM-EDX maps of the cations Hf 

(purple) and La (green) in the HLO [2-ME, 800 °C] and [2-ME+Aq, 800 °C] samples. Scale bars 

are 1 nm. Characteristic X-ray peaks of Hf L (7.898 keV) and La L (4.650 keV) were selected for 

elemental mapping. i Standardless quantification of the La concentration for the four regions I–IV 
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marked in the two La maps. 

 

Oxygen vacancy distribution in orthorhombic phase 

 Compositional inhomogeneity of La3+ in the HLO [2-ME] film results in local variation 

in distribution of O-vacancies introduced for charge compensation.21, 22 In contrast, O-vacancies 

are expected to be evenly distributed in the HLO [2-ME+Aq]. We conducted O K electron energy 

loss spectroscopy (EELS) spectrum imaging (SI) to analyze the spatial distribution of O-vacancies. 

O-vacancies lower local crystal symmetry, affecting relative distance between Hf and O atoms, 

thus resulting in modification of the hybridized O 2p–Hf 5d orbital states due to defect states, 

symmetry breaking, and charge redistribution.21 As the concentration of O-vacancies increases, 

the unoccupied states above the conduction band shift to lower energy levels and change the shape 

of the pre-peak of the O K edge. The modification results in a reduction of the hybridized O 2p-Hf 

deg states in comparison to the hybridized O 2p-Hf dt2g states. In other words, the relative intensity 

(A/B) of the first peak A with respect to the second peak B in the O K edge decreases as the content 

of O-vacancies increases due to the formation of shallow donor states below the conduction band 

(Fig. 4a–c). 21, 25 Studies have shown that typical doublet peak shape of the O K edge in doped-

HfO2 changes depending on the type of crystal phase, crystallinity, annealing condition, structural 

disorder, and concentration of O-vacancies.26, 27 Considering that the HLO films were grown with 

the same growth method to form a highly crystalline o-phase as a major phase, simple monitoring 

of the change in the A/B ratio in the O K EELS edge can convey the variation in the vacancy 

content. By multiple-linear/non-linear least squares (M/NLLS) fitting to the O K EELS SI data, 

which outputs Gaussian curve fits of the A/B distribution,28 spatial maps of the A/B ratios were 
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obtained for the three HLOs (Fig. 4d–f). For the HLOs [2-ME, 700/800 oC], the A/B ratios are 

revealed to locally differ, indicating that O-vacancies in the films are inhomogeneously distributed. 

This result strongly supports the inference from the STEM-EDX maps that La dopants were 

unevenly substituted at Hf sites. Comparing histograms of the A/B ratios for the two HLO [2-ME] 

samples shows that the O-vacancies become more highly localized in the sample annealed at 800 

°C (i.e., wider FWHM). In contrast, HLO [2-ME+Aq] shows remarkably different vacancy 

distribution. The HLO [2-ME+Aq] film is homogeneously populated by O-vacancies over the 

entire film with large vacancy content, which is correlated with the uniform doping of La revealed 

by STEM-EDX. This result suggests that the Aq-based precursor is substantially effective in 

forming the o-phase with a high density of homogeneously distributed O-vacancies.  

These additional O-vacancies in [2-ME+Aq, 800 oC] HLO is attributed to the presence of 

negatively charged hydroxides (𝑂𝐻−) owing to large fraction of Aq in the precursor, which 

reduces the valence of Hf (< 4) and gives rise to the formation of higher concentration of suboxides 

(HfO(x < 2)) accompanied by O-vacancies. The analysis of the same is probed using x-ray 

photoelectron spectroscopic measurements (description S2 and Fig. S10). Further, earlier reported 

attempts of stabilizing the o-phase through O-vacancies have adopted a strategy of removing 

oxygen from the film by oxygen-reactive capping electrodes (e.g., titanium nitride). These 

electrodes scavenge oxygen from the film and result in formation of unfavorable intermediate 

oxide layers (e.g., TiOxNy or TiOx)
4. In contrast, the present CSD strategy allows HLO thin films 

on silicon to achieve considerable fraction of well-distributed O-vacancies without capped 

electrodes. Based on a recent report revealing the role of O-vacancies in ferroelectricity 

enhancement,21 HLO [2-ME+Aq] film is expected to show prominent ferroelectricity. 
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Figure 4. Oxygen vacancy distribution analysis. a–c Representative O K edges extracted from the 

bottom to the top in the three HLO [2-ME, 700 °C], [2-ME, 800 °C], and [2-ME+Aq, 800 °C] 

films. d–f Maps of the A/B ratio in the O K edge, reconstructed by M/NLLS fitting to the O K 

edge corresponding to each pixel in the experimental EELS SI data for the three HLO samples. 

The color scales shown at the bottom right of each map indicate the range of the measured A/B 

ratio. Scale bars are 20 nm. The histograms shown on the right side represent the distributions of 

the measured A/B ratios for the three samples. Note that the statistical distributions of the A/B 

ratios in the HLO [2-ME+Aq] film are smaller and narrower than those in the HLO [2-ME] films 
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annealed at 700 and 800 °C. Note that m and FWHM stand for mean value and full-width-half-

maximum of the Gaussian peak. 

Ferroelectric polarization measurements 

Assessment of the ferroelectricity in Si/HLO/Mo capacitors was carried out through 

polarization switching measurements at 1 kHz. Fig. 5a-b presents P–E hysteresis loops for 

Si/HLO/Mo capacitors with ≈ 35 nm HLO films deposited from the 2-ME–based precursor and 

crystallized at 700 and 800 °C. The obtained Pr values range from 16.7 to 21.2 µC/cm2 across all 

annealing temperature, with the maintained EC of 3 to 5 MV/cm, which is within the range reported 

for HfO2 ferroelectrics.4 However, the Pr values are found to decrease with thickness increasing to 

≈ 55 nm (Fig. S17 and Table S21). This decrease is attributed to the appearance of the m-phase 

(Fig. 2b-c). In contrast, the Pr and EC for [2-ME+Aq, 700 °C] HLO are on the order of 14.4 µC/cm2 

and < 4 MV/cm, respectively; with an increase in the crystallization temperature from 700 to 800 

°C, a sharp increase in Pr (= 18.4 µC/cm2 and 2Pr ≈ 37.6 µC/cm2) is noted (Fig. S17 and Table 

S21).  

The large ferroelectric polarization observed in 2-ME+Aq-derived HLO thin films 

motivated us to investigate its dependency on the aging of the precursor (Fig. S18). The GIXRD 

measurements on the film deposited with aged precursor show pure o-phase and the recorded 

polarization switching depicts no change in the 2Pr (≈ 37 µC/cm2) (Fig. S18a-b); these results 

convey excellent shelf-life.  

Furthermore, for all capacitors, switching currents are found to be on the order of ≈ 90–

100 µA (Fig. 5a-c). The measured P–E curves are slightly asymmetric with larger EC, which can 

be attributed to the presence of SiO2 interfacial layer contributing to a built-in potential. 

Furthermore, these measured Pr values are larger than those previously reported for CSD-HLOs; 
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45 nm CSD-processed HLO with 5 cat. % La showed a maximum Pr of 7 µC/cm2 with a layer-by-

layer (L/L) crystallization treatment.29 The use of a dilute precursor (< 0.1 M) and L/L 

crystallization is argued to yield better ferroelectric performance for HLO films derived from Hf-

acetylacetonate (Hf(C5H7O2)4) and La-acetate (La(CH3CO2)3)-based precursors.29, 30 However, 

these films have a strong wake-up dependence due to retained carbon. On the contrary, the present 

CSD-HLOs have relatively large La fraction (≈ 7 %) that is helpful in increasing the O-vacancy 

concentartion. Additionally, the inhibitor-free recipe led to pure thin films, thus the observed 

ferroelectricity does not require wake-up.31 

Owing to the near-complete transformation of precursors into HLO, the capacitors 

withstand a higher voltage (> 22 V i.e., > 6.2 MV/cm) than most CSD- and ALD-processed doped 

HfO2 films without breakdown (Fig. 5a-c).5, 29, 30 For the case of the HLO [2-ME, 700/800 °C] 

films, especially in the negative bias regime, typical polarization-dependent leakage (beyond 6 

MV/cm) is observed as the warping of loop tips. Such leakage and nonferroelectric contributions 

are further nullified and more reliable Pr values are obtained using positive up negative down 

(PUND) measurements (Fig. S19-S20 and description S4).32, 33 The PUND results demonstrate 

that the onset of actual ferroelectric switching is above 10 V for HLO [2-ME, 700 and 800 °C] 

(i.e., an EC of 2.5 MV/cm) and above 12 V for HLO [Aq+2-ME, 800 °C] (i.e., an EC of 3 MV/cm) 

for fixed pulse delay and width (= 10 μs). 

Furthermore, both 2-ME and 2-ME+Aq-based HLOs were subjected to electric field cycles 

(at a frequency of 1 kHz); the details of the test parameters are presented in description S5. 

Although 2Pr for both the cases is found to vary marginally with electric field cycles, [2-ME+Aq, 

800 °C] HLO is more stable with negligible change in 2Pr (Fig. 1f and Fig. 5d-e). Additionally at 

different test frequency of 100 Hz, HLO thin films found to exhibit stable 2Pr irrepsective of type 
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of precursor used (Fig. S23). This behavior can be attributed to O-vacancies and their distribution. 

It has been previously observed that charged defects such as O-vacancies induce nonuniform 

electric field throughout the film thickness.4 With an increase in the electric field cycles, the O-

vacancies tend to diffuse or drift resulting in uniform distribution of the electric field. Thus, owing 

to homogeneously populated O-vacancies in the case of [2-ME+Aq, 800 °C] HLOs, it is expected 

to show better resistance to electric field cycling with negligible reduction in polarization. Further, 

the present HLO films were compared with the reported La-doped HfO2 thin films and a table 

detailing the properties are shown in Table S22  

 

Figure 5. Ferroelectric polarization and stability analysis of Si/HLO/Mo capacitors. 

Polarization vs. electric field (P vs. E) hysteresis loops of HLO films deposited using the 2-ME-

based precursor and crystallized at a 700 ℃ and b 800 ℃. c P vs. E hysteresis loops of HLO films 
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deposited using the 2-ME+Aq-based precursor and crystallized at 800 ℃. Stability of CSD-HLOs 

under electric field cycling. Endurance behavior of (a) ≈ 35 nm HLO [2-ME, 700 oC] (b) ≈ 35 nm 

HLO [2-ME, 800 oC] at a frequency of 1 kHz and an input voltage of 15 V (i.e., an EC of 4.7 

MV/cm). 

 

HLO-based NCFETs: characterization and simulation 

Fig. 6a shows schematic of bottom gate top contact (BGTC) NCFET with CSD-HLO thin 

film and IGZO–channel. The benefit of HLO in the gate stack with Al2O3 is assessed through SS 

reduction and enhancement in ION, thanks to the NC effect.34 Fig. 6b-c shows a comparison 

between HLO-based NCFETs and Al2O3-based MOSFETs with low leakage current ≈ 10 pA. Fig. 

6d shows the SS vs. VGS for NCFET and MOSFET during the forward sweep with a slow VGS 

sweeping rate, showing a reduction of the minimum value from 92.6 to 86.7 mV/dec. However, 

with the increase in the sweeping rates, the SS magnitudes achieved sub-thermionic (Fig. S24). 

Further, NC effect is also realized in the improvement of ION from 3.85×10-7 for the Al2O3 to 

8.19×10-7 A for the HLO. (Fig. 6e). The simultaneous SS decrease and ION increase obtained by 

the HLO device compared to the MOSFET is evidence of the negative capacitance effect [Pahwa 

2016, Kobayashi 2018, Cao 2020]. In practice in fact, it is more feasible to design NCFETs to 

reduce SS degradation due to short-channel effects as well as increase energy savings thanks to 

the increased drain current above threshold rather than aiming at reducing SS below 60 mV/dec. 

Furthermore, the CSD precursors interact with the substrate-Si and on thermal annealing they tend 

to form ow permittivity-SiOx layer at the interface between Si and HLO adversely affecting 

NCFET performance. The integration of a low permittivity dielectric in series with the ferroelectric 

layer results in a reduced internal voltage amplification effect, therefore counterbalancing the 

improvements provided by the ferroelectric layer itself.  
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 The improvements in SS and ION were probed using numerical device simulations. The 

same geometrical parameters of the actual device were employed in the simulated structure (Fig. 

6a). The simulation results are shown in Fig. 6f-i, with every single panel reporting the 

corresponding simulated curves to the experimental ones shown in Fig. 6b-e. Calibration of the 

simulation deck was done against the Al2O3 MOSFET ID-VGS curve. The NCFET was then 

simulated as a series connection between the Al2O3 MOSFET and the HLO capacitor (description 

S6). Four different HLO thicknesses were used (Fig. 6f, 6h and 6i). Simulations predict an 

improvement in terms of SS and ION when increasing HLO thickness, in qualitative agreement 

with the experimental findings. However, quantitatively, simulations predict a much larger 

improvement for the HLO NCFET compared to the Al2O3 MOSFET for both SS and ION. This 

could be due to the charge mismatch between the electron density in the IGZO layer and the 

polarization charge on the HLO, which in general is caused by: i) a large fraction of polarization 

charge being screened by traps in the gate stack, and ii) the HLO operating in a non-saturated P–

E loop35 [10.1557/s43578-021-00420-1, 10.1109/JPROC.2023.3234607]. In the simulated devices 

instead, electrical connection between the Al2O3 MOSFET gate and the HLO layer forces the 

IGZO charge and the polarization to be balanced, hence leading to an enhanced NC effect. In this 

sense, simulation results need to be interpreted as maximum theoretical limits of the HLO NCFET 

assuming that polarization charge is fully screened by the channel electron density and that the 

ferroelectric operates in the saturated P–E loop. 
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Figure 6. Experimental and simulation results of Al2O3 MOSFET and HLO NCFET. a Schematic 

of NCFET architecture. The BGTC transistors consist of CSD-HLO and Al2O3 thin films 

connected in series to fetch their application as a ferroelectric negative capacitor. b, c Measured 

ID-VGS curves of the HLO NCFET and Al2O3 MOSFET, respectively. d Measured SS-VGS curves 

during forward sweep of both devices. e ION of HLO NCFET and Al2O3 MOSFET, extracted from 

ID-VGS at VGS = 3 V. f Simulated ID-VGS curves of the HLO NCFET for HLO thicknesses (tFE) of 

10, 20, 30, 40 nm. g Simulated ID-VGS curve of the Al2O3 MOSFET. Simulation parameters were 

calibrated to reproduce the curve shown in panel (c). h Simulated SS-VGS curves during the 

forward sweep of both devices. i ION of HLO NCFET and Al2O3 MOSFET, extracted at the same 

conditions as for the experimental values. 
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To summarize, we demonstrated that CSD-processed La-doped-HfO2 ferroelectrics show 

o-phase with maximum 2Pr of ≈ 37.6 µC/cm2 at 1 kHz. The water-diluted organic precursors with 

minimum carbon allowed grain growth (> 100 nm) which greatly controls the leakage current. 

Microscopy and spectroscopy reveal that the inherent O-vacancies in HLO and their distribution 

promote stabilization of the o-phase and polarization switching is intertwined with the rich oxygen 

vacancy charge dynamics.36 The conventional small-grain morphology, capping stresses and pre-

metallized substrates are not necessary, so that water-based CSD yields wake-up–free robust 

ferroelectric HLO directly on Si/SiOx. CSD-HLO in a regular gate stack of IGZO MOSFETs has 

been simulated and demonstrated experimentally to lower SS and enhance ION, thanks to the NC 

effect. 

EXPERIMENTAL SECTION 

 

Precursor analysis: 

Precursor formulation and decomposition: All chemical reagents were purchased from Sigma–

Aldrich and used as received without additional purification. Two sets of precursors (85 mM) were 

formulated using (a) 2-ME and (b) the co-solvent of 2-ME and water (2-ME+Aq). For both 

precursors, hafnium chloride (HfCl4) and lanthanum nitrate (La(NO3)2) were used as the Hf and 

La sources, respectively. For the 2-ME-based precursor, HfCl4 and La(NO3)2 were each dissolved 

in 4 ml of 2-ME and then mixed. Similarly, for the 2-ME+Aq-based precursor, HfCl4 was 

dissolved in 5 ml of deionized water, La(NO3)2 was dissolved in 3 ml of 2-ME, and they were then 

mixed; both precursors were vigorously stirred overnight in air. The formulated precursor solutions 

were stored for 60 days in air-tight bottles to examine their environmental stability and aging. The 

decomposition pathway of both precursors was probed using thermogravimetric analysis (TGA, 

Seiko Exstar 6000, TG/DTA6100) and differential thermal analysis (DTA) with a temperature 
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ramp-up rate of 10 °C/min. 

Thin film analysis: 

Thin film deposition, thickness validation and surface topography analysis: To deposit thin films 

of HLO, the precursors were spin-coated at 3000 rpm for 30 s on Si (p++) substrates. Before the 

deposition process, the silicon wafers were firstly cleaned and then treated with oxygen plasma for 

60 s at 60 W. The desired film thicknesses were achieved by multiple coating cycles with 

intermediate annealing (350 °C for 15 min) steps. The final stack of layers was subjected to hot 

plate annealing for 2 h at 350 °C. For crystallization, the films were subjected to rapid thermal 

annealing (RTA, heating rate ≈ 10 °C/s) at 700 and 800 °C for 60 s. The film thickness and surface 

roughness were analyzed using cross-sectional field-emission scanning electron microscopy 

(FESEM: JSM-6700F, Hitachi) and atomic force microscopy (AFM: XE7, Park Systems), 

respectively. 

Structural and chemical analysis: Structural characterization of the thin films was performed using 

grazing incidence X-ray diffraction (GIXRD, D8 DISCOVER) using a Cu Kα source (wavelength: 

1.5406 Å) with an incident angle of 0.3. Cross-sectional scanning transmission electron 

microscopy (STEM) samples were prepared using a focused ion beam (FIB, FEI Helios Nano 

450F1) milling technique. The atomic and mesoscale structures of the cross-sectional HLO films 

were investigated by aberration-corrected STEM (GrandARM300CF, JEOL) operating at 300 kV 

with a probe-forming angle of ≈ 32 mrad. The high-angle annular dark field (HAADF) imaging 

mode with a detector inner angle of ≈ 68 mrad was used to obtain atomic structure images of the 

samples. To distinguish crystal structures, position-averaged convergent beam electron diffraction 

(PACBED)19 and fast Fourier transform (FFT) analyses were subsequently conducted on the same 

regions observed by HAADF STEM.21, 37 Further, the chemical compositions at various depths of 
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amorphous and crystalline HLO thin films were analyzed using depth profile X-ray photoelectron 

spectroscopy (XPS: ESCA 2000, MultiLab) with a monochromatic Al Kα X-ray source. The XPS 

spectra at different depths were recorded after etching with Ar for 300 s, 600 s, 900 s and 1200 s. 

The recorded spectra were calibrated using the C 1s signature response at 284.6 eV. The 

background type Shirley was used. For peak fit analysis, the Gaussian-Lorentzian product function 

(G/L: 30 %) was used, and the full-width at half-maximum (FWHM) of all synthetic peaks was 

constrained to be the same, fitted by the software CASAXPS 2.3.22PR1.0.  

STEM combined with energy dispersive X-ray spectroscopy (EDX: JED-2300T, JEOL) 

was performed to analyze the elemental distribution in the samples at atomic resolution. The EDX 

instrument includes two Si-drift detectors with effective X-ray sensing areas of 100 mm2 each, 

providing a large effective solid angle of ≈ 1.2 sr., which translates into an ≈ 10 % collection 

efficiency for the generated X-ray signals (4π sr.). Electron energy loss spectroscopy (EELS: Gatan 

GIF Quantum ER 965) spectrum imaging (SI) completed in HAADF STEM mode was used to 

perform energy loss near edge structure (ELNES) analysis of the O K edge for the cross-sectional 

HLO films. EELS SI datasets for the HLO samples were obtained under conditions of an 

accelerating voltage of 300 kV and an energy dispersion of 0.25 eV/ch for the energy loss ranges 

of 180–692 eV and 420–932 eV with a 5 mm entrance aperture. To obtain A/B ratio maps of the 

HLO films, a multiple linear / nonlinear least squares (M/NLLS) curve fitting approach21, 37 was 

applied to the A and B peaks in the O K ELNES, which was implemented in the data processing 

software Gatan DigitalMicrograph®. 

Polarization measurements: CSD-grown HLO thin films on Si (p++) substrates were further 

processed to fabricate Si/HLO/Mo capacitors. The top Mo (diameter: 100 μm) electrodes of the 

ferroelectric capacitors were deposited using room-temperature radio-frequency sputtering with a 
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dot pattern shadow mask. The electrical performance of the fabricated capacitors was characterized 

using a ferroelectric tester (Precision LC Ⅱ, Radiant Technologies) under ambient conditions. 

Polarization vs. voltage (P vs. V) curves and ferroelectric currents were recorded with a frequency 

of 1 kHz by sweeping the input voltage of ± 25 V. Furthermore, the leakage and non-ferroelectric 

contributions were excluded using positive up negative down (PUND) measurements (detailed in 

supplementary information). An endurance test was performed using bipolar triangular pulses to 

extract Pr with PUND after cycling. In the retention test, after polling the HLO through triangular 

pulses with a width of 1 ms, the Pr from the polarization loop measured at 1 kHz was measured 

using PUND. The details of parameters used for PUND, endurance and retention tests are provided 

in the supplementary information. 

Fabrication, characterization and simulation of NCFETs: ≈ 40 nm HLO [2-ME+Aq, 800 oC] thin 

films on silicon were further subjected to the deposition of dielectric Al2O3 layer (thickness: 10 

nm) using ALD (Lucida D100, NCD Co., Ltd., Daejeon, Korea). This helps in stabilizing negative 

capacitance.38 These HLO/Al2O3 film stacks were used in bottom gate top contact devices with ≈ 

50 nm IGZO channel (dimensions: length/width: 10/15 µm/µm). All devices were characterized 

using ID vs. VGS at a constant drain-to-source bias (VDS) of 1 V. The sweep rate of the VGS ramp 

was ≈ 0.35 V/s with 50-mV step; forward and reverse voltage sweeps were performed to assess 

the I vs. V hysteresis. All curves were acquired using a semiconductor parameter analyzer (SCS-

4200A, Keithley). For comparison, IGZO metal-oxide-semiconductor-field effect-transistors 

(MOSFETs) were fabricated with only the 10-nm Al2O3 layer in the gate stack. To gain more 

insights, numerical device simulations were carried out. The details of the simulation setup as well 

as the list of parameters are reported in the supplementary information (Table S23-S26). The same 

geometrical parameters of the actual device were employed in the simulated structure. 
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