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High-Resistance-State Tunneling in 25 nm TiOx/Y-Doped HfO₂/Pt 
Nanocrossbar Ferroelectric Tunnel Junctions†

Zhongzheng Sun,a Yoshiko Nakamura,b Kazuki Okamoto,b Seiichiro Izawa,a Hiroshi Funakubo,b and 
Yutaka Majima *a

We report nanocrossbar-type ferroelectric tunnel junctions (FTJs) 
with a Ti/TiOx/7% yttrium-doped HfO₂ (YHO7)/Pt structure 
integrated on thermally oxidized Si substrates, which exhibit clear 
direct tunneling conduction even in the high-resistance state (HRS) 
and a tunneling electroresistance ratio exceeding 10³. The 
nanocrossbar FTJs were fabricated using a double-exposure 
electron-beam lithography (EBL) process with lateral dimensions 
scaled down to 25 nm. The temperature dependence of the TER 
effect measurements at 9 and 300 K confirms that both low- and 
high-resistance states are dominated by the direct tunneling 
conduction. A maximum TER ratio of 2.2 × 10³ was obtained in a 3 
nm-thick YHO7 nanocrossbar FTJ with an effective area of 26 × 24 
nm2. The FTJ area was reduced from 42,000 to 255 nm², and the 
scaling behavior of the TER effect in 3 nm-thick YHO7 devices 
closely resemble that in 2 nm-thick devices. The OFF-state current 
decreased with a slope of 1.1 between 42,000 and 2,600 nm², 
followed by a steeper reduction below 2,600 nm2, whereas the 
ON-state current decreased more gradually with a slope of 0.30. 
These contrasting area dependences are attributed to the 
suppression of leakage pathways along grain boundaries in the 
OFF state and uniformly aligned remanent polarization in a small 
number of grains in the ON state. The demonstrated nanocrossbar 
FTJs highlight a promising route toward high-density, energy-
efficient, and CMOS-compatible integration of ferroelectric 
memory.

Introduction
    The rapid advancement of artificial intelligence (AI) and 
neuromorphic computing has increased the demand for 
memory devices that are not only non-volatile but also exhibit 
fast switching speeds, high scalability, compatibility with 
complementary metal-oxide semiconductor (CMOS) 
technology, and low power consumption—key attributes for 
integrating memory and computation in AI-driven systems.1-5 

Ferroelectric materials have emerged as promising candidates 
for non-volatile memory applications owing to their electrically 
switchable spontaneous polarization.6-8 Among the most 
investigated device architectures are ferroelectric field-effect 
transistors (Fe-FETs) and ferroelectric tunnel junctions (FTJs). 
The FTJ is a two-terminal, non-volatile memory element that 
enables fast switching, long endurance, non-destructive 
readout, and a high ON/OFF resistance ratio, making it well-
suited for next-generation storage-class memory.8,9,10,11 It 
typically consists of a metal/ferroelectric/metal 
heterostructure, in which the incomplete screening of 
polarization charges by the electrodes and the use of ultrathin 
ferroelectric barriers enable modulation of the tunneling 
barrier height and width through polarization switching.12-14 
This modulation results in a change in tunneling resistance 
between low-resistance (ON) and high-resistance (OFF) states, 
a phenomenon known as the tunneling electroresistance (TER) 
effect.15

    Esaki et al. first proposed the FTJ concept in 1971.16 
Realization of FTJs requires ultrathin ferroelectric barriers that 
support direct tunneling. However, as the ferroelectric layer 
thickness is scaled down to the nanometer regime, size effects 
arising from grain size, domain structure, lattice strain, and 
surface energy can degrade or suppress ferroelectricity.17,18  
When combined with depolarization fields, the size effects 
often lead to a critical thickness below which ferroelectricity is 
lost.19,20 Contreras et al. reported early FTJ behavior in a 6 nm-
thick PbZr0.52Ti0.48O3 film sandwiched between SrRuO₃ and Pt 
electrodes,21  marking the beginning of substantial FTJ 
research based on perovskite ferroelectrics.22,23,24 However, 
perovskite-based FTJs face challenges such as size-dependent 
ferroelectric degradation, high crystallization temperatures, 
and poor CMOS compatibility. 24

    Hafnium oxide (HfO₂) has emerged as a high-k dielectric 
widely adopted in industry as a gate insulator, offering 
superior compatibility with CMOS platforms.25 In 2011, Böscke 
et al. discovered that Si-doped HfO₂ exhibits ferroelectric 
behavior, paving the way for doped-HfO₂-based ferroelectric 
thin films.26  Ferroelectricity in HfO₂ is associated with the non-
centrosymmetric orthorhombic phase (Pca2₁), which can be 
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stabilized through chemical doping, interface engineering, or 
thermal treatment.26-29 Unlike perovskite ferroelectrics, HfO₂-
based ferroelectrics exhibit mitigated size effects, owing to 
their fluorite-derived structure that reduces lattice distortions 
and surface-related instabilities at single nanoscale thickness.30 
These features, combined with a high dielectric constant, 
make doped-HfO₂ a strong candidate for use as a tunneling 
barrier in FTJs.
    We recently reported that Y₂O₃ is a promising dopant for 
HfO₂ due to its low sensitivity to surface energy, a feature not 
commonly observed in other doped-HfO₂ systems.31 Stable 
remanent polarization was confirmed in nanometer-thick Y₂O₃-
doped HfO₂ films grown directly on Pt/Ti/SiO₂/Si substrates. 
Furthermore, we demonstrated the room-temperature growth 
of polycrystalline 7% Y-doped HfO₂ (YHO7) by RF magnetron 
sputtering, which exhibits clear ferroelectric behavior.32 These 
results highlight YHO7 as a viable candidate for tunneling 
barriers in FTJ applications. 

TER effects have been demonstrated at lateral dimensions 
below 100 nm, aligning with the requirements for high-density 
FTJ memory integration.33-36 For instance, conductive atomic 
force microscopy (c-AFM) studies have shown TER ratios 

exceeding 10³ in perovskite FTJs.33-35 Abuwasib et al. employed 
hydrogen silsesquioxane (HSQ) planarization to fabricate 
perovskite-based FTJs with a TER ratio of 125.34 

Recently, we demonstrated robust Pt nanogap electrodes 
with 10 nm linewidths by electron-beam lithography (EBL)37 
and achieved in-plane ferroelectric memory operation in 100 
nm channel-length α-In₂Se₃ devices on SiO2/Si substrates.38 For 
practical high-density memory integration, FTJ fabrication 
directly on SiO₂/Si substrates via streamlined processes is 
highly desirable. The crossbar structure provides a compact 
and regular array format that facilitates two-terminal 
addressing and high cell density, making it particularly suitable 
for scalable ferroelectric memory architectures.

In this study, we demonstrate scalable nanocrossbar FTJs 
fabricated by a double-exposure EBL process. The devices 
consist of Ti/TiOx electrode/YHO7 (2 and 3 nm)/Pt stacks on 
thermally oxidized Si substrates, with lateral dimensions down 
to 25 nm. The temperature dependence of the TER effect at 9 
and 300 K confirms tunneling conduction in both the low- and 
high-resistance states. A maximum TER ratio of 2.2 × 10³ is 
achieved in a 3 nm YHO7 nanocrossbar FTJ with an effective 
area of 26 × 24 nm2, and the area scaling of the TER effect is 

Figure 1. Local PFM box-in-box a) amplitude, and b) phase contrast images and PFM c) amplitude, and d) phase hysteresis loops of 3 
nm-thick YHO7 film on a Pt/Ti/SiO2/Si substrate.
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systematically investigated. These results highlight the promise 
of nanocrossbar FTJs for high-density, energy-efficient, and 
CMOS-compatible, scalable integration of ferroelectric 
memory.

Results and discussion
Characterization of ferroelectricity of YHO7

    The ferroelectric properties of an ultrathin YHO7 film, 
suitable for enabling direct tunneling, were investigated using 
piezoresponse force microscopy (PFM).39 A 3 nm YHO7 film was 
deposited on a Pt/Ti/SiO₂/Si substrate by radio-frequency 
magnetron sputtering at room temperature. The local PFM 
amplitude and phase contrast images, as well as the film’s 
hysteresis loops, are shown in Figure 1.
    A -2.5V pulse was first applied at the outer square (6 x 6 
μm), and, subsequently, a 2.5 V pulse was applied at the inner 
square (2 x 2 μm2). Box-in-box PFM amplitude and phase 
contrast images are shown in Figure 1a and 1b, respectively. 
    A butterfly-shaped amplitude loop and a phase hysteresis 
loop with 180° shift were observed (Figures 1c and 1d), 
confirming ferroelectric switching behavior in 3 nm-thick YHO7. 
It notes that the 3 nm YHO7 film exhibited clear amplitude and 
phase hysteresis loops from the first cycle of voltage sweep, 

indicating the presence of stable spontaneous polarization in 
the as-deposited state.

Fabrication of scalable nanocrossbar FTJs

    Straightforward fabrication processes were developed to 
prepare 25 nm square nanocrossbar Ti/TiOx/YHO7/Pt FTJs 
using double-exposure EBL on SiO₂/Si substrates. A top-view 
SEM image of the 25 nm-square nanocrossbar Ti/TiOx/YHO7/Pt 
FTJs is shown in Figure 2a. In this nanocrossbar FTJ, the 
bottom Pt and top Ti/TiOx electrode widths are 26 nm and 24 
nm, respectively, yielding an effective junction area of 624 
nm2. 
    Figure 2b shows a cross-sectional SEM image of the 
Ti/TiOx/YHO7/Pt structure with false coloring applied to the 
Ti/TiOx (blue), YHO7 (light ochre), and Pt (purple) layers. The 
bottom Pt nanowire electrode, composed of Pt (6 nm)/Ti (1 
nm adhesion layer), was prepared by EBL, and then annealed 
in 3% H₂/Ar at 550 °C for 5 min. The cross-sectional shape of 
the bottom Pt nanowire electrode transformed from 
rectangular to a semicircular arch, as shown in the cross-
sectional SEM image in Figure 2b. During this annealing 
process, the Pt crystallinity improved.40,41 
    YHO7 films with thicknesses of 2 and 3 nm were 
subsequently deposited by RF magnetron sputtering onto the 
curved bottom Pt nanowire electrodes.32 As observed in Figure 
2b, the semicircular Pt geometry facilitates conformal 
deposition of ultrathin YHO7 films, supporting the formation of 
FTJ structure without short-circuiting. The top Ti nanowire 

electrode, consisting of Pt (10 nm)/Ti (3 nm), was prepared by 
overlay EBL. 

Figure 2. a) Top-view SEM image of a nanocrossbar Ti/TiOx/YHO7 (3 nm)/Pt ferroelectric tunnel junction (FTJ) with an area of 624 nm2 
(26 x 24 nm). b) Cross-sectional SEM image of the Ti/YHO7/Pt structure with false coloring to highlight the Ti/TiOx (blue), YHO7 (light 
ochre), and Pt (purple) layers. The original image is shown at the top-right inset. For this cross-sectional view, the top Ti and Pt 
electrodes are successively deposited as continuous films rather than as nanowires. c) 3D schematic and d) cross-sectional schematics 
of the nanocrossbar Ti/TiOx/YHO7/Pt FTJ. 
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    Figure S1 shows a cross-sectional bright-field TEM (BF-TEM) 
image, and Figure S2 presents the corresponding EDS 
elemental mapping (Supporting Information). The cross-
sectional TEM image is consistent with the FE-SEM image in 
Figure 2b, and the EDS elemental mapping confirms that the 
layer sequence corresponds to a Ti/TiOx/YHO7/Pt stack 
structure with false coloring in Figure 2b.  
    Consequently, three-dimensional and cross-sectional 
schematic illustrations of the nanocrossbar Ti/TiOx/YHO7/Pt 
FTJ structure are shown in Figures 2c and 2d, respectively. The 
nanocrossbar FTJ consists of a YHO7 layer sandwiched between 
a bottom semicircular Pt nanowire and a top Ti nanowire 
electrode.

TER effect of nanocrossbar FTJs

    Current (I)-voltage (V) hysteresis loops of a 3 nm-thick YHO7 
nanocrossbar FTJ with an area of 896 nm2 (32 x 28 nm) were 
measured at room temperature (300 K) and 9 K (Figure 3a). 
Typical I-V characteristics loops of 3 and 2-nm thick YHO7 
nanocrossbar FTJs between 255 and 42,000 nm2 at room 
temperature are shown in Figures S3 and S4, respectively 
(Supporting Information).
     It is noted that the shape and the current values of the I-V 

hysteresis loop at 300 K are almost the same as those at 9 K. 
When switching from OFF to ON at a positive voltage, the 
transition occurred abruptly. In contrast, the ON-to-OFF 
transition occurred gradually with increasing negative applied 
voltage. The coercive voltages from the OFF-to-ON transition 
were 1.6 and 1.8 V at 300 and 9 K, respectively, and those 
from the ON-to-OFF gradual transition were -1.0 to -1.3 V (300 
K) and -1.2 to -1.8 V (9 K). The magnified I-V characteristics in 
the ON and OFF states are shown in the inset of Figure 3a, 
where the current was approximately proportional to the 
voltage at 300 and 9 K. As the ON and OFF currents at 9 K are 
practically equal to those at 300 K and are proportional to 
voltage, the FTJ operation utilizes direct tunneling, which is 
highly dependent on the polarization direction.13

    To further clarify the conduction mechanism, we analyzed 
the I–V characteristics of both the ON and OFF states in the 
intermediate voltage region (V < ϕ/e), where ϕ is the 
tunneling barrier height and e is the elementary charge, using 
the Simmons direct tunneling model.42  As shown in Figure S5, 
the theoretical curves calculated using the Simmons equation 
are in excellent agreement with the experimental data for 
both resistance states. The fitting parameters were ϕ = 1.7 eV, 
d = 3.00 nm, and m* = 0.3 m₀ for the low-resistance state 

Figure 3. Switching behaviors of 3 nm-thick YHO7 nanocrossbar FTJs. a) Temperature dependence of I-V hysteresis loops with 
almost 30 nm squared (896 nm2) at 300 K (red solid line) and 9 K (blue solid line). The magnified I-V characteristics under ON 
and OFF states (top left inset).  b) The pulse sequence for R-V hysteresis loop. The write and read voltage widths are 200 ms and the 
read voltage was 0.1 V. c) Temperature dependence of R-V hysteresis loops at 300 K (red open circle) and 9 K (blue closed circle) on 
the FTJ in Figure 3a (30 nm squared). d) R-V hysteresis loop of 3 nm-thick YHO7 nanocrossbar FTJ with 25 nm squared (624 nm2) at 
300K. 
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(LRS), and ϕ = 1.7 eV, d = 3.48 nm, and m* = 0.3 m₀ for the 
high-resistance state (HRS), where d is the tunneling barrier 
thickness, m* is the electron effective mass, and m₀ is the 
mass of electron. The identical barrier height and effective 
mass for both states, together with the small difference in 
effective barrier thickness of only 0.48 nm, indicate that the 
change in the depletion layer width at the TiOx/YHO7 interface 
governs the resistance switching. These results unambiguously 
confirm that electron transport in both resistance states is 
dominated by direct tunneling through the ultrathin YHO7-
based ferroelectric barrier.
    The resistance–voltage (R–V) hysteresis loops were 
measured using the pulse sequence illustrated in Figure 3b. 
Figure 3c shows the R–V hysteresis loops of the same 3 nm-
thick YHO7 nanocrossbar FTJ with 896 nm2 at 300 K and 9 K. 
This R–V hysteresis loop of the FTJ displays well-defined 
memory characteristics. The R-V hysteresis loop exhibits 
abrupt OFF-to-ON and gradual ON-to-OFF transition, which are 
consistent with the I-V hysteresis loops. The coercive voltages 
for the OFF-to-ON transition are 1.2 V at both 300 and 9 K. In 
comparison, those for the ON-to-OFF transition are -1.2 V at 
300 K and -1.4 V at 9 K. These results indicate that the OFF-to-
ON switching is relatively insensitive to temperature. In 
contrast, the ON-to-OFF switching becomes slightly harder at 
lower temperatures.
     The asymmetric resistive-switching behavior observed in 
the Ti/TiOx/YHO7/Pt nanocrossbar FTJ should arise from 
multiple interfacial and structural factors. First, the 
asymmetric electrode configuration produces different 
interface barrier heights due to the work-function difference 
between the Ti/TiOx (≈  4.3 eV) and Pt (≈  5.6 eV) electrodes. 
This difference generates a built-in electric field across the 
junction, leading to asymmetric barrier modulation during 
switching. 43,44,45 Under positive bias (OFF-to-ON transition), the 
built-in field assists polarization reversal by lowering the 
effective tunneling barrier at the Ti/TiOx interface, leading to a 
sharp increase in current. In contrast, under negative bias (ON-
to-OFF transition), the field opposes polarization reversal, 
leading to a gradual decrease in current.
    In addition to the work-function-induced barrier asymmetry, 
the nonplanar, curved surface geometry of the nanocrossbar 
FTJ further enhances the asymmetry. Because the YHO7 thin 
film conforms to the semicircular Pt nanowire electrode, strain 
gradients naturally develop along the film thickness, inducing 
flexoelectric polarization.46,47 The resulting flexoelectric field 
modifies the local electric potential, facilitating polarization 
nucleation during the OFF-to-ON process and stabilizing 
residual polarization during the ON-to-OFF transition. 
Consequently, the observed asymmetric I–V characteristics 
arise from the combined effects of the work-function-driven 
built-in field, the flexoelectric response associated with the 
curved device geometry, and local domain-wall pinning.
    This combined mechanism is consistent with the 
experimentally observed sharp ON-switching transition and 
gradual OFF-switching decay. These findings provide a 
comprehensive physical picture that explains the bias-polarity-

dependent asymmetry in the tunneling characteristics of the 
nanocrossbar FTJ.
   In Figure 3c, the resistance values of the LRS and HRS are 7.8 
x 104 Ω and 5.5 x 106 Ω at 300 K, and 8.9 x 104 Ω and 4.3 x 106 
Ω at 9 K, respectively. The corresponding TER ratios of the 3 
nm-thick YHO7 nanocrossbar FTJ with 896 nm2 at 300 K and 9 K 
are 71 and 48, respectively. It notes that the resistance ratios 
between 300 K and 9 K under LRS and HRS are 1.1 and 0.8, 
respectively, indicating minimal change in resistance despite 
the significant temperature difference, suggesting that 
transport is dominated by tunneling conduction with only a 
minor contribution from thermally activated processes. 
Compared with previously reported BaTiO3- or HfO2-based 
FTJs, where the OFF-state resistance generally shows a 
stronger temperature dependence due to trap-assisted or 
thermionic conduction,13 the present YHO7 nanocrossbar FTJ 
exhibits a remarkably weaker temperature dependence, 
highlighting the advantage of stabilized tunneling transport in 
this nanocrossbar FTJ.
    Figure 3d shows an R–V hysteresis loop of a 3 nm-thick YHO7 
nanocrossbar FTJ with 25 nm squared (624 nm2) at 300 K. The 
R–V hysteresis loop exhibits well-defined memory 
characteristics. The resistances of LRS and HRS are 8.9 x 104 Ω 
and 4.3 x 106 Ω, respectively, yielding a TER ratio of 2.2 × 103. 
This TER ratio of 2.2 × 103 is more than one order of magnitude 
higher than that of the 30-nm crossbar device (TER = 71 at 300 
K) in Figure 3c, indicating that device scaling substantially 
enhances the tunneling electroresistance effect. In the present 
25 nm squared nanocrossbar FTJ, the transports under LRS and 
HRS are clearly dominated by direct tunneling conduction, as 
evidenced by the extremely weak temperature dependence of 
both LRS and HRS. While thermally activated processes 
significantly contributed to HRS in previous reports.13,35,36,48,49

    As observed in the R-V hysteresis loops in Figure 3c and 3d, 
resistance gradually increases from ON to OFF and resistance 
abruptly decreases from OFF to ON, aligning well with the I-V 
hysteresis loops as shown in Figure 3a. 
    The coercive voltages at 300 K are evaluated as -1.4 V from 
ON-to-OFF and 1.0 V from OFF-to-ON from R–V hysteresis loop 
in Figure 3d, which agrees with the coercive voltages of Figure 
3c (-1.2 and 1.0 V, respectively). The average coercive electric 
field is calculated to be 4.0 MV/cm (1.2 V across 3 nm), which 
is in good agreement with our previous report 
(~4.3 MV/cm).50,51

    The coercive voltages at 9 K are also evaluated as -1.4 V 
from ON to OFF and 1.2 V from OFF to ON, as indicated by the 
R–V hysteresis loop in Figure 3c. These small temperature 
dependencies of the coercive voltages of the ON and OFF 
states at 300 K and 9 K agree well with the stable 
ferroelectricity and coercivity of the wake-up-free Hf0.5Zr0.5O2 
thin film over a wide temperature range from room 
temperature (300 K) to cryogenic temperature (30 K).52 The 
temperature independence of resistance states also proves 
the TER effect on the 3 nm-thick YHO7 nanocrossbar FTJ based 
on polarization switching. 
   Figures 4a and 4b show the band diagrams of the ON (LRS) 
and OFF (HRS) states of the nanocrossbar FTJ with a junction 
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structure of Ti/TiOx (top electrode)/YHO7/Pt (bottom 
electrode) structure under opposite spontaneous polarization 
directions of YHO7, respectively. At the Ti/YHO7 interface, Ti 
scavenges oxygen from YHO7, and Ti is partially oxidized at the 
interface, forming a Ti/TiOx/YHO7 structure at room 
temperature.53,54,55 M. Sowinska et al. reported a TiOx 
thickness of 1.3 nm at the Ti/HfO2 interface based on x-ray 
reflection (XRR) and scanning transmission electron 
microscopy (STEM) with energy-dispersive x-ray spectroscopy 
(EDX) measurements.53 The spontaneous polarization induces 
bound charges at the interfaces of the YHO7 thin film, which 
are compensated at the top Ti/TiOx and bottom Pt electrodes. 
In Pt, the screening effect is essentially polarity-independent 
owing to the large, nearly symmetric density of states near the 
Fermi level. In contrast, as TiOx is an n-type semiconductor, 
when the polarization is pointing to the Ti/TiOx side (Figure 
4(a)), electrons accumulate at the TiOx surface. Then, the 
effective barrier height decreases, and the direct tunneling 
barrier width becomes the thickness of YHO7, resulting in LRS. 
On the other hand, when the polarization is pointing to the Pt 
side, positive charges are induced at the TiOx/YHO7 interface 
and electrons are depleted at the TiOx surface. This results in 
both the effective tunnel barrier height and tunneling distance 
increasing owing to the depletion layer (HRS). 
    Compared with conventional metal/HfO₂-based 
ferroelectric/SiOₓ/Si structures,48 the Ti/TiOx/YHO7/Pt junction 
exhibits several advantages. First, the 
metal/ferroelectric/metal configuration eliminates the need 
for a SiOₓ interlayer, which can lead to interface charge. 
Second, the polarity-dependent interfacial response at the 
TiOx/YHO₇ contact enables a well-defined modulation of the 
tunneling barrier, resulting in a large ON/OFF ratio, as shown 
in Figure 3. YHO7 with high crystallinity can be directly grown 
on the Pt surface by sputtering at room temperature, thereby 
suppressing leakage paths that are often present in 
HfO₂/SiOₓ/Si devices. Finally, the CMOS-compatible YHO₇ and 
scalable metal/ferroelectric/metal geometry make the 

TiOx/YHO₇/Pt structure a promising platform for high-density 
non-volatile memories.
    The abrupt decrease in resistance from the OFF to ON state 
and the gradual increase in resistance from the ON to OFF 
state in the R-V and I-V results (Figure 3) arise from distinct 
polarization-switching processes.56 During the ON to OFF 
transition, domain-wall pinning provides pre-existing 
nucleation sites, facilitating gradual polarization reversal under 
an increasing electric field. In contrast, the OFF-to-ON 
transition requires the activation of new nucleation centers, 
leading to an abrupt polarization-switching event. Such 
asymmetric switching behavior is consistent with previous 
reports of defect-mediated pinning in HfO2-based FTJs, in 
which oxygen vacancies and hydrogen-related complexes 
hinder polarization reversal until passivation treatments are 
applied.57 Interface-induced pinning due to oxygen-vacancy 
segregation and electrode scavenging has also been shown to 
significantly affect the TER. 58 In addition, direct spectroscopic 
evidence of domain-wall pinning in ferroelectric HfO2 thin films 
supports our interpretation that domain-wall pinning acts as a 
nucleation source during gradual ON to OFF switching. 59

    It noted that these asymmetrical resistance-switching 
behaviors were observed in the nanocrossbar FTJ area of 896 
nm2. The gradual resistance transition from the ON to OFF 
state suggests a self-polarization reversal with a gradual 
domain growth process even in the small FTJ area of 896 nm2. 
An abrupt transition from OFF to ON in resistance suggests 
simultaneous self-polarization switching across all domains 
within the crossbar FTJ at 896 nm2. This nanocrossbar FTJ 
opens up possibilities for advanced multi-state memory 
applications, leveraging domain-forming mechanisms and 
asymmetrical resistance-switching behavior in small FTJ areas. 

60

Nanocrossbar FTJ area dependence on the TER effect

    The nanocrossbar FTJ area dependence on the ON current 
(ION), OFF current (IOFF), and TER ratio is shown in Figure 5 for 
nanocrossbar FTJ with YHO7 thicknesses of 2 and 3 nm. The 
read currents were measured at 0.1 V. Both IOFF and ION 
decreased with decreasing nanocrossbar FTJ area from 42,000 
nm2 to 255 nm2 (2nm-thick YHO7) and 624 nm2 (3nm-thick 
YHO7). The IOFF and ION slopes relative to the FTJ area are 
calculated as shown in Figure 5.
    For IOFF of nanocrossbar FTJs, the slopes with the reduction 
of FTJ area are 1.0 (black dotted line) and 1.1 (black solid line) 
between 42,000 and 1,476 nm2 (2 nm-thick YHO7), and 
between 41,370 and 2,597 nm2 (3 nm-thick YHO7), respectively. 
It noted those IOFF slopes values of approximately 1 follow 
Ohm’s law, in which the resistance is inversely proportional to 
the area. When the FTJ area is less than 1,476 nm2 (2 nm-thick 
YHO7) and 2,597 (3 nm-thick YHO7), IOFF decreases more rapidly 
with area, and the slopes are 2.4 and 3.0 between 1,476 and 
255 nm2, and between 2,597 and 624 nm2, respectively.
    To examine the device-to-device consistency, several 
nanocrossbar Ti/TiOx/YHO7/Pt FTJs with identical lateral 
dimensions of 50 × 50 nm2 were characterized and 
summarized in Supporting Information (Figure S6). ION and IOFF, 

Figure 4. Energy band diagrams of FTJs in a) ON (LRS), and b) 
OFF (HRS) states. In LRS state (a), the polarization is pointing to 
Ti/TiOx side, and accumulates electrons at the TiOx surface. In 
HRS state (b), the polarization is pointing to Pt side, and 
deplete electrons at the TiOx surface, which make the effective 
tunnel barrier width increase. 
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as well as the resulting TER ratios, were found to be nearly 
identical among all measured devices, indicating good 
reproducibility and uniformity of the switching behavior. These 
results suggest that uniform ferroelectric switching behavior is 
maintained even in 3 nm-thick YHO7 films where multiple 
structural phases may coexist.
    McKenna et al. reported grain boundary-mediated leakage 
current in polycrystalline 5 nm HfO2 thin films grown on p-type 
Si with a 1 nm-thick native SiO2 layer, using conductive atomic 
force microscopy with a 6.5 V conductive tip voltage (resulting 
in p-type Si depletion).61 It was concluded that the tunneling 
barrier is lowered at grain boundaries as a result of their 
intrinsic electronic properties and that leakage current tends 
to dominate grain boundaries.61 The grain boundary length 
should be proportional to the FTJ area. When the grain size is 
smaller than the FTJ area, leakage paths at the grain boundary 
should be proportional to the FTJ area. The more rapid 
decreasing IOFF compared with the theoretical change with 
decreasing YHO7 nanocrossbar FTJ area should be attributed to 
the reduced defect-induced leakage paths, such as grain-
boundary-induced leakage paths with a reduced FTJ area when 
minimizing FTJ size smaller than 2,500 nm2.61

    This interpretation is corroborated by microscopic structural 
analysis. Cross-sectional BF-TEM and EDS elemental mapping 
(Figures S1 and S2) reveal that the 2–3 nm-thick YHO7 film is 
conformally grown on the semicircular Pt nanowire electrode 
and does not exhibit extended columnar grains. High-
resolution TEM further confirms that the smallest 
nanocrossbar junctions (25 nm in width) correspond to a 
single-grain or partially single-grain region of YHO7. Therefore, 
continuous grain-boundary networks capable of forming 

leakage paths are absent at this scale, consistent with the 
rapid suppression of IOFF in the smallest devices.
    For ION of nanocrossbar FTJs, the slopes were 0.41 (2 nm-
thick YHO7) and 0.30 (3 nm-thick YHO7) in the range of FTJ area 
between 42,000 and 255 nm2 and between 41,370 and 624 
nm2, respectively. These sub-linear slopes (< 1) of ION indicate 
that the effective fraction of the active direct tunneling region 
for ION increases as the FTJ area decreases, reflecting the 
enhancement of the curved nanocrossbar geometry on the 
direct-tunneling area.
  Boyn et al. reported that the ratio of effective switching 
domain area to FTJ area increases as the BiFeO3 area is 
reduced from 1.13 µm2 to 25,400 nm2, leading to improved 
uniformity of remanent polarization.62 With decreasing FTJ 
area, the number of activated nucleation centers to turn the 
FTJ from the OFF state to the ON state should become small, 
and electrons at the Ti/TiOx interface should more uniformly 
accumulate at the whole nanocrossbar FTJ area. As a result, 
with the decreasing FTJ area, ION did not decrease below the 
theoretical slope of 1 due to more uniform domain 
switching.62

    In Figure 5, nanocrossbar FTJ with 2 nm-thick YHO7, with 
decreasing FTJ area from 42,000 to 255 nm2, ION decreases 
from 8.7 μA to 0.75 μA, and IOFF decreases from 0.77 μA to 
0.63 nA, respectively, resulting in an elevation of the TER ratio 
from 11 to 1.2 x 103. For a 3 nm-thick YHO7 nanocrossbar FTJ, 
with decreasing FTJ area from 41,270 to 624 nm2, ION 
decreases from 3.8 μA to 0.80 μA, and IOFF decreases from 0.78 
μA to 0.36 nA, respectively, resulting in an elevation of the TER 
ratio from 4.9 to 2.2 x 103. It noted that the ideal nanocrossbar 
FTJ area dependencies of ION, IOFF, and TER ratio have been 
observed in both YHO7 thicknesses of 2 and 3 nm. 
Consequently, a TER ratio of 2.2 x 103 has been obtained on 
the nanocrossbar FTJ at the smallest area of 624 nm2 on 3 nm-
thick YHO7 under the direct tunneling regime, even at HRS. 

Figure 5. Nanocrossbar FTJ area dependence of ION, IOFF 
(upper), and TER ratio (lower) on 2 nm and 3 nm-thick YHO7. 
Read voltage was 0.1 V.
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    In most previously reported BaTiO3- and HfO2-based FTJs, 
the TER ratios at room temperature are typically in the range 
of 10–103, which is comparable to the present nanocrossbar 
Ti/TiOx/YHO7/Pt FTJs exhibiting a TER of 2 x 103. Although 
much higher TER ratios up to 107 have been reported for HfO₂-
based FTJs such as HZO/Nb (0.7 wt%)-doped SrTiO3 (NSTO) 
heterojunctions, the huge resistance contrast in those systems 
primarily originates from the depletion region formed in the n-
type NSTO semiconductor, which strongly suppresses the OFF-
state current.10,49 In our Ti/TiOx/YHO7/Pt nanocrossbar FTJs, a 
depletion layer may also form to some extent at the n-type 
TiOx interface; however, both the ON and OFF currents are 
governed by direct tunneling through the ultrathin YHO7 
barrier. This high-resistance-state tunneling behavior is 
supported by the observation that the ON- and OFF-state 
current levels and TER ratios remain nearly identical at 9 K and 
300 K. Accordingly, the observed TER ratio of 2 x 103 
represents a realistic value for intrinsic polarization-controlled 
tunneling in a metallic nanocrossbar FTJ, free from additional 
semiconductor depletion effects.

Retention characteristics 
    Retention characteristic of 3 nm-thick YHO7 nanocrossbar 
FTJs with 896 (32 x 28) nm2 is shown in Figure 6. The ON and 
OFF states were measured using the pulse sequence illustrated 
in the insets. Initially, a negative erase pulse voltage of -2 V 
was applied to the bottom Pt electrode, switching the 
nanocrossbar FTJ to the high-resistance OFF state. Subsequent 
continuous read pulses of 0.1 V confirmed a stable OFF-state 
resistance of 2 x 107 Ω maintained for up to 1000 s. A positive 
write pulse voltage of 2 V was then applied, switching the 
nanocrossbar FTJ to the ON-state. A stable ON-state resistance 
of 2 x 105 Ω was retained for 1000 s. The resulting TER ratio of 
approximately 100 is consistent with the data presented in 
Figure 3c. 
    To further clarify the retention behavior, the same dataset 
shown in Figure 6 was replotted as linear resistance (R)–log 
time graphs and is provided in Figure S7 (Supporting 
Information). The ON-state current remained remarkably 
stable, showing almost no change over the entire 
measurement period (up to 103 s), whereas the OFF-state 
resistance gradually decreased with time. Extrapolation of the 
linear R–log time plot suggests that the OFF-state resistance, 
and consequently the TER ratio, would decrease to 
approximately half of its initial value after 10 years (≈  3.15 × 
108 s). Nevertheless, a clear contrast in resistance between the 
ON and OFF states would still be maintained.  
    The switching reliability of the nanocrossbar Ti/TiOx/YHO7/Pt 
FTJs was evaluated by endurance measurements using a 
device with a lateral dimension of 50 × 50 nm2 and a 3 nm-
thick YHO7 layer (Figure S3). The device was repeatedly 
switched between the ON and OFF states by applying write 
and erase voltages of 2 V and –2 V, respectively, while the 
resistance was read at 0.1 V. The nanocrossbar FTJ exhibited 
stable and reproducible resistive switching without noticeable 
degradation, demonstrating that the device can withstand at 

least 100 consecutive switching operations (Figure S8, 
Supporting Information). Those retention and endurance 
characteristics suggest robust long-term non-volatile 
functionality in nanocrossbar FTJ devices.

Conclusions
   We demonstrated scalable nanocrossbar-type FTJs using a 
double-exposure EBL process. Nanocrossbar FTJs consisting of 
top Ti/TiOx electrode/YHO7/bottom Pt electrode on SiO2/Si 
substrates were fabricated with lateral dimensions down to 25 
nm. The temperature dependence of the TER effect at 9 and 
300 K reveals direct tunneling conduction not only in LRS but 
also in HRS. TER ratio of 2.2 × 10³ was achieved in the 3 nm-
thick YHO7 nanocrossbar FTJ with a lateral dimension of 25 nm. 
Nanocrossbar FTJ area dependence of the TER effect coincides 
well with 3 and 2 nm-thick YHO7. The OFF-state current 
decreased with a slope of 1.1 between 42,000 and 2,597 nm2, 
then the slope became steeper below 2,597 nm2. On the 
contrary, the ON-state current slowly reduced with a slope of 
0.30. The large (>1.1) and small (0.30) slopes in the OFF and 
ON-state current nanocrossbar area dependence were 
discussed in terms of the suppression of leakage pathways 
along grain boundaries and uniformly aligned remanent 
polarization in a small number of grains. The nanocrossbar FTJ 
is significant for high-density, energy-efficient, and CMOS-
compatible integration of scalable ferroelectric memory. 

Experimental methods
Scalable nanocrossbar FTJ fabrication

    The bottom nanowire electrodes, made of Pt (6 nm)/Ti (1 nm), 
are fabricated using electron-beam lithography (ELS-7500EX, 
Elionix, Japan) and E-beam evaporation, followed by a lift-off 

Figure 6. Retention characteristics of 3 nm-thick YHO7 
nanocrossbar FTJ with an area of 896 nm2, the pulse 
sequences are shown in the inset. The write, erase, and read 
voltages are 2, -2, and 0.1 V, respectively. All write, erase, and 
read pulse widths are 200 ms.
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process. The linewidth of the Pt nanowires is designed using CAD 
software for EBL. The bottom Pt electrodes are then annealed in a 
3% H2/Ar mixture for 5 min at 550 °C. As shown in the SEM image 
(Figure 2b), the cross-sectional shape of the bottom Pt electrode 
deformed from rectangular to a semicircular arch, known as 
Rayleigh instability, to reduce surface free energy and improve the 
crystallinity of the bottom Pt nanowire during the annealing. 40,41

    YHO7 ultrathin films with thicknesses of 3 and 2 nm are 
deposited onto a bottom Pt/Ti nanowire and a SiO2/Si substrate 
using RF magnetron sputtering with a 2-inch diameter YHO7 
ceramic target (Toshima Manufacturing, Japan). 32 The distance 
between the target surface and the substrate is 70 mm. Sputtering 
is carried out in a pure Ar ambient at a total pressure of 10 mTorr 
with an RF power of 50 W. No thermal treatment is applied to the 
YHO7 thin film during sputtering or after deposition. 

    For the top Ti nanowire electrodes, Pt (10 nm)/Ti (3 nm) was 
deposited using a double-exposure EBL process followed by E-beam 
evaporation and a lift-off process. Uniform nanocrossbar 
Ti/TiOx/YHO7/Pt junctions are prepared as shown in the cross-
sectional SEM image (Fig. 2(b)). Using a designed mask, the probing 
pads for the bottom and top Pt (40 nm)/Ti (5 nm) electrodes are 
fabricated by photolithography, E-beam evaporation, and a lift-off 
process.

Ferroelectric YHO7 film characterizations

    PFM measurement of ferroelectric 3 nm-thick YHO7 thin film 
is characterized with an atomic force microscope (Asylum 
Research Cypher, Japan, MFP-3D scanning probe microscope) 
by using Pt/Ir-coated Si cantilever tips (NanoAndMore, USA, 
nominal spring constant 2.8 N/m). A bidirectional bias sweep 
between -15 V and 15 V is applied to measure hysteresis loops 
under Dual-Resonance Amplitude Tracking (DRAT) mode. 39

Nanocrossbar FTJ switching properties measurements

    Electrical properties of nanocrossbar FTJs were measured 
using a mechanical helium refrigerator multi-prober (GRAIL10-
LOGOS01S, Nagase, Japan) and a semiconductor parameter 
device analyzer (B1500, Keysight, USA). FTJ switching property 
measurement temperature was 300 and 9 K. All 
measurements were conducted under a vacuum (≈10−4 Pa) 
and in a dark environment. The temperature dependence of 
the current-voltage (I-V) hysteresis loop was measured by 
applying a triangular voltage waveform to the bottom Pt 
electrode at 0.02 Hz. The TER ratio is calculated from the 
current–voltage characteristics, defined as (ROFF-RON)/RON × 
100%, where ROFF and RON are the FTJ resistances for the OFF 
and ON states, respectively, at a voltage of 0.1 V.
    As shown in Figure 3b, the resistance–voltage (R–V) 
hysteresis loop was measured as follows: A negative write 
pulse of –2 V was first applied to the bottom Pt electrode, 
setting the junction to a high-resistance (OFF) state. Then, the 
read voltage was set to 0.1 V. Subsequently, positive voltage 
pulses were applied in steps from 0.2 V to 2 V (or 2.4 V) in 0.2 
V increments. The voltage was then swept down from 2 (or 
2.4) V to –2 V in –0.2 V steps, and finally increased back to 0 V. 
After each write pulse, a read pulse of 0.1 V was applied to 

probe the resistance. Both write and read pulses had widths of 
200 ms. 
    After measuring the electrical properties, the nanocrossbar 
FTJs were characterized by FE-SEM (Regulus 8230, Hitachi 
High-Tech, Japan).
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Data availability

Detailed electrical characterization results are shown in the ESI†.
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