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ABSTRACT
In this work, we report on a ferroelectric tunnel junction based on an epitaxial undoped orthorhombic 3-nm-thin HfO2 film. An
OFF/ON resistance ratio of ≈83 and a high ON state current density of ≈5 A/cm2, important for fast device readout, is achieved
through ferroelectric polarization switching, which causes electron accumulation and depletion in the adjacent LSMO electrode.
Oxygen vacancy movement inside the HfO2 is observed, but plays at most a minor role for switching. The devices show stable
switching endurance of over 106 switching cycles, low write voltages of ±3 V, both outperforming previous epitaxial HfO2 FTJs,
16 measured resistance states, and neuromorphic capability by voltage pulse trains and spike-timing-dependent plasticity. This
strong performance is achieved by designing ferroelectric tunnel junctions at the materials level of undoped HfO2, which has a
higher tunneling probability than HZO and a stabilized oxygen distribution. The resulting device design shows great promise for
neuromorphic and analog memory applications.
1 Introduction

In an era defined by fast and constant technological advancement,
memory systems have ceased to be mere storage units and have
become the backbone of technological progress, enabling devices
to collect, process, and transmit information simultaneously.
Traditional memory technologies such as DRAM and NAND
flash, although highly versatile, struggle to meet the growing
demands of modern applications [1–5]. A particularly urgent
issue is the limited speed of data transfer between the processor
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and memory in traditional memory systems, referred to as
the von Neumann bottleneck. This issue significantly impacts
the system’s performance in modern data-intensive applications
such as artificial intelligence, machine learning, and real-time
processing, where rapid access to large datasets is essential.

To overcome these limitations, research is increasingly focusing
on brain-inspired architectures [6–11]. Drawing inspiration from
the biological principles of the human brain, these systems enable
in-memory computing by performing calculations directly within
its use, distribution and reproduction in any medium, provided the original work is properly
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memory arrays, thereby reducing latency and energy consump-
tion associated with data access. Several emerging technologies
that are being actively investigated include the use of resistive
switching (RS), ferroelectric (FE), phase-change, and spintronic
materials [6–9, 12, 13]. In this context, ferroelectric materials are
attracting considerable attention due to the possibility of switch-
ing the ferroelectric polarization under an applied electric field
without significant mass transport. For instance, a ferroelectric
tunnel junction (FTJ) is a resistance switching memory with
low operation energy, high operation speed, and nondestructive
readout capability [14]. In an FTJ, a thin ferroelectric barrier layer
(<5 nm thick) is placed between two conductive electrodes with
different electronic screening lengths. The charge accumulation
in the electrodes and the height of the tunnel barrier will be
affected when the ferroelectric polarization is switched, and this
will produce a tunnel electroresistance (TER) with a considerable
OFF/ON resistance ratio [15]. While HfO2-based FE capacitors
have been explored primarily for non-volatile memories [16–20]
and energy-related applications [20–22], there is an increasing
interest in leveraging ferroelectricity within FTJs [23, 24]. HfO2-
based materials have garnered increased attention for FTJs due
to their robust FE properties, which arise from the presence of a
metastable polar orthorhombic (o-) or rhombohedral (r-) phase
with the space group Pca21 or R3m, respectively [25]. A key chal-
lenge for HfO2 is that the stabilization of the o-phase in thin films
often requires careful control of oxygen vacancy distributions,
which can also facilitate the formation of conductive filaments
in RS devices. This creates an interplay between ferroelectricity
and filamentary RS [26–28], and thus, further investigation is
needed to unravel the FTJ mechanism in o-phase HfO2-based
devices. HfO2 stands out further as a prime memory material
due to its excellent scalability, fast switching speed, low power
operation, compatibility with CMOS technology, and ability to
adopt multiple resistance states, enabling multi-level storage and
neuromorphic capabilities [29–31].

Different FTJ configurations have been explored so far, most of
them based on conducting electrodes such as TiN, Pt, and W.
These FTJs typically show low ON/OFF current ratios (<20) [32,
33], while high ON/OFF ratios, typically in the range of 102–106,
have been demonstrated in FTJs with n-type Si bottom electrodes
[34–36]. However, large write voltages are needed due to the
voltage drop across the interfacial barrier [36].

Recently, it was demonstrated that epitaxial films based on
HfxZr1-xO2 (HZO) are crucial to understanding displacive and
ionic phenomena [33], which govern FTJ performance. However,
a high tunneling current in the ON state is needed to ensure
that a scaled device can be read rapidly [35]. To achieve that, the
thickness of HfO2 in the FTJ needs to be reduced to the ultra-thin
limit for adequate tunnel currents. However, further thickness
reduction can result in an increase of the depolarization field
and domain wall pinning, hence a reduction of polarization value
and increase of coercive field, which degrade FTJ operation [37,
38]. Therefore, a compromise needs to be found. HZO epitaxial
films have been investigated extensively as FTJs [39, 40]. Further
work on this area requires higher ON-state currents to be reached
with low write voltage and high endurance. On the other hand,
undoped HfO2 has not been investigated to a similar extent, and
it is important to understand if it can offer improvements over
HZO.
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In this work, we demonstrate an FTJ based on FE switching
of 3-nm-thin undoped epitaxial o-phase HfO2 with switching
voltages of ±3 V, switching endurance >106 cycles, 16 resistance
levels, and neuromorphic functionality. All of this is achieved by
stabilizing the oxygen vacancy concentration and consequently
the FE o-phase of HfO2, both without doping. Oxygen vacancy
movement is observed to coexist with FE switching after repeated
bias application with the same polarity, likely due to oxygen
exchange betweenHfO2 and the electrodes, but this does not have
a significant effect on the resistance switching, demonstrating the
stabilized oxygen vacancy concentration. We also demonstrate
that FE switching controls the direct tunnelling current through
the HfO2 thin film on top of the La0.67Sr0.33MnO3 (LSMO)
electrode layer by modulating the LSMO carrier accumulation
and depletion. Temperature-independent switching performance
up to 150◦C confirms the fully tunnelling-controlled mechanism.

2 Experimental Details

Single-crystal (001)-oriented Nb:STO with 0.7 wt.% doping and
a resulting electronic conductivity at room temperature >143
S/cm was used as the substrate. A 13 nm LSMO layer was
deposited by pulsed laser deposition (PLD) with a KrF excimer
laser with a wavelength of 248 nm, as a buffer, as commonly
adopted in the literature to enhance the FE properties [41].
Then, a 3 nm undoped HfO2 film was deposited subsequently
by PLD. The LSMO layer was grown at a substrate temperature
(Ts) of 710◦C, oxygen pressure (pO2) of 0.1 mbar, pulse energy
of 150 mJ, and with a laser repetition rate of 3 Hz. The HfO2
film was deposited under the same pO2 and pulse energy, but
with a Ts of 720◦C and repetition rate of 2 Hz. The distance
between the substrate holder and the target was set at 4.5 cm
for the LSMO deposition and 5.0 cm for the HfO2 deposition.
X-ray diffraction (XRD) characterization was carried out with a
PANalytical Empyrean Diffractometer at room temperature over
a 2θ range of 20–34◦ in a Bragg-Brentano configuration using
CuKα radiation (λ = 1.5406 Å). For electrical characterization,
50-nm-thick circular tungsten (W) top electrodes (TEs) with
diameters of 25, 50, and 100 µmwere deposited by sputtering and
a UV lithography lift-off process. Electrical characterization was
carried out in a manual EverBeing probe station with a thermal
sample stage, together with a computer-controlled [42] Keysight
B2912 source-measure unit. For fast pulse measurements, anMPI
TS2000D semi-automated probe station and a Keysight B1500A
parameter analyzer with waveform generator/fast measurement
units were used. For low-frequency noise measurements, the
source/measure units of the same parameter analyzer were used
to record the current, followed by a fast Fourier transform to cal-
culate the power spectral density as a function of frequency. For
electrical measurements, the voltage was always applied to the
TE, unless specified otherwise. Microstructural characterization
of the sample was performed using high-resolution transmission
electron microscopy (HRTEM) under conditions provided in
previous work [43]. Depth-resolved X-ray photoelectron spec-
troscopy (XPS) measurements were conducted using a Thermo
Scientific Escalab 250Xi instrument with monochromatic AlKα
radiation (hν= 1486.6 eV). Surface sputter-etchingwas performed
with 200 eV Ar+ ions. To minimize destructive effects on the
XPS core levels during sputtering and to prepare electrodes for
biasing the devices, W electrodes with an average thickness of
Advanced Functional Materials, 2026
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≈8 nm and diameters of ≈400 µm were sputter-deposited on the
HfO2/LSMO/Nb:STO surface. Devices in two different electrical
states were chosen for XPS measurements: (i) a pristine device
and (ii) a device that was positively biased with 500 voltage
sweeps from 0 to +3.5 V applied to the TE. The binding energies
of the spectra were calibrated against their Fermi edge cut-offs.
Deconvolution of the Hf 4f core level spectra was carried out
using the CasaXPS software after subtracting the Shirley-type
background. The Hf 4f core level spectra were deconvoluted by
keeping the 4f5/2-4f7/2 binding energy separations at 1.6 eV, the
full-width-at-half-maximum values at 1.6 eV, and the 4f5/2:4f7/2
area ratios at 3:4, while peak positions and areas were changed.
The line shapes were modelled as Gaussian-Lorentzian. Piezo-
response force microscopy (PFM) was performed using a Bruker
Multimode 8 atomic force microscope with Pt-coated NSC35 tips
(MikroMasch) with a spring constant of 5.4 N/m. The sample
was mounted on a metallic disc where VDC was applied to the
bottom Nb:STO/LSMO whilst the Pt PFM tip was grounded.
Both piezo-response force spectroscopy (PFS, “on field”) and
PFM poling (“off field”) responses were detected using Vac =
0.5 V at 900 kHz. PFS was performed on W electrodes of 20 µm
diameter.

3 Results and Discussion

3.1 Structural Characterization

Figure 1a presents the XRD pattern of the HfO2/LSMO/Nb:STO
structure. The most intense peaks, at 2θ = 22.7◦ and 2θ = 23.1◦,
correspond to the (001) planes refractions of the cubic Nb:STO
substrate and the pseudo-cubic LSMO bottom layer, respectively.
The diffraction peak at 29.73◦ (d111 = 0.3 nm) is indexed to the (111)
planes of the o-HfO2 film [44]. In epitaxy, the observation of Laue
oscillations around the main peaks is often regarded as a quality
mark for thin films. For ultra-thin films, however, their intensity
is strongly decreased, as shown in previouswork [45], and so their
absence is not necessarily a sign of low-quality films. In addition,
in thinner films such as this case (3 nm), the main (111) peak
is very broad, which makes it impossible to distinguish between
the d111 and d11-1 peaks by using in-plane and out-of-plane XRD
measurements to confirm the crystal phase. This was observed in
previouswork, too, in a 5 nm thick La:HfO2 thin film [46]. For this
reason, we have performed TEM experiments that conclusively
confirm the presence of the o-phase in the HfO2 pure films.

The HRTEM image in Figure 1b reveals the device structure
comprising a top W electrode, a 3 nm HfO2 layer, a 13 nm LSMO
electrode, and the Nb:STO substrate. To reveal the degree of
crystallization in the sample, a fast Fourier transform (FFT) was
performed on the entire area shown in Figure 1b, and the result
is presented in Figure 1c. The FFT pattern displays two distinct
sets of peaks: one corresponding to the (111) planes of the HfO2
latticewith an interplanar spacing of 0.302± 0.002 nm, consistent
with the XRD results, and the other corresponding to the (001)
planes of the Nb:STO lattice with an interplanar spacing of 0.391
± 0.002 nm. It is worth noting that the lattice parameters of
bulk Nb:STO and the pseudo-cubic LSMO structures are similar,
leading to an overlap of the (001) pseudo-cubic LSMO and
(001) Nb:STO peaks. A clear crystallographic relationship for the
out-of-plane direction between the HfO2 thin film, the LSMO
Advanced Functional Materials, 2026
electrode, and the Nb:STO substrate can be derived, specifically:
[111] HfO2 || [001] LSMO || [001] Nb:STO.

Figure 1d shows a high-resolution scanning TEM (HR-STEM)
image of the HfO2/LSMO interface, where the well-oriented
LSMOelectrode and the lattice fringes of theHfO2 film are clearly
visible. The HfO2 fringes have a measured spacing of 0.301 ±
0.002 nm, corresponding to the (111) planes of HfO2. To rule out
the presence of the r-phase [47, 48] or o-phasewith rhombohedral
distortion [49], and confirm the presence of the o-phase, further
TEM experiments were performed as explained in Note S1 and
Figure S1. The HR-STEM image in Figure 1d further reveals a
well-defined and high-quality interface between the HfO2 thin
film and the LSMO electrode, confirming the high crystallinity
and quality of the deposited HfO2 thin film.

While not regarded as immediately fab-friendly, the use of LSMO
and an epitaxial process does not automatically disqualify a
materials system from CMOS compatibility. The integration of
LSMO/STO heterostructures on silicon by the use of buffer layers
[50] or layer transfer [51] has already been demonstrated.

3.2 Electrical Characterization

Figure 2a presents multiple current-voltage (I–V) curves mea-
sured across ten different devices with electrodes of 100 µm
diameter, each subjected to five switching cycles.

The device structure is shown in the inset of the same figure, and
the measurements were performed at room temperature, with
voltages applied to the TE unless specified otherwise. Apart from
excellent uniformity and repeatability, the I–V curves reveal the
presence of two distinct resistance states (high resistance state
HRS and low resistance state LRS) with low set and reset voltages
of +3 and −3 V, respectively The devices exhibit an average
ON/OFF current ratio of ≈83 ± 26, measured at a read voltage
(Vread) of−0.1 V, all achievedwithout requiring a forming process.
The pristine devices start in the HRS, switch to the LRS upon
positive voltage application, and back to the HRS upon negative
voltage application, as indicated by the arrows in Figure 2a.

In support of identifying the nature of the underlying RS mecha-
nism in these devices, the dependence of the switching currents
on the electrode diameter/area was studied, and a clear scaling
of the currents with the device’s size is observed, see Figure S2.
Additionally, the behavior observed for the samplewith increased
LSMO thickness of 25 nm supports a switching mechanism that
does not rely on the formation of filaments [52, 53], and this
is supported further by the gradual changes in current when
switching between HRS and LRS, rather than abrupt changes,
which are typically observed in filamentary switching [54]. In
addition, a high tunneling current density of ≈5 A/cm2 at a
read voltage of −0.1 V is achieved in the ON state, which can
be further increased to ≈42 A/cm2 at a read voltage of −0.5 V.
This is desirable for high-speed operation and more than an
order of magnitude higher than most HZO FTJs, summarized
in Table S1. We achieved this higher ON current compared with
HZO by exploiting the higher transmission probability through
undopedHfO2 [55], and the stabilized ferroelectricity in ultra-thin
films.
3 of 12
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FIGURE 1 Structural characterization of the HfO2/LSMO/Nb:STO structure. (a) X-ray diffraction pattern (logarithmic y-scale) with marked
Nb:STO, LSMO (001), and o-(111)HfO2 peaks. (b) High-resolution transmission electron microscopy image with labels of the different layers. (c) Fast
Fourier transform pattern corresponding to the image shown in (b). (d) High-resolution scanning transmission electron microscopy image recorded at
the HfO2/LSMO interface.
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Figure 2b illustrates the repeatability of both HRS and LRS over
106 switching cycles, measured at Vread = −0.1 V. Despite an
initial drift of the states, a stable memory window is maintained
for up to the measured 106 cycles. The cause of this improved
endurance when compared to previous works in epitaxial HZO
FTJs, shown in Table S1, will be discussed later. In Figure S3, the
cycling endurance was investigated further for increasingly fast
programming pulses. With details provided in the SI, the devices
still respond down to 20 ns programming pulses. While the
electrode layout and measurement setup in this demonstration
do not allow a real-time recording of the switching currents
(see explanation with Figure S3), the switching energy can be
estimated with a few well-supported assumptions. If the actual
switching currents without transients remain the same at the
fastest measured switching speeds as in the I–Vmeasurement in
Figure 1a, given that the device currents scale with the electrode
area, devices at back-end-of-the-line dimensions (e.g. 20 × 20
nm2) can be expected to switch with nanoampere currents,
resulting in a switching energy consumption on the order of
femtojoule, comparable to SRAM cells [56].

Figure 2c shows that the device current can be modulated by
subsequent voltage pulses with different amplitudes. So as not
to overload the figure, the currents associated with the switching
voltages were omitted, leaving only the read currents recorded at
4 of 12
−0.1 V. The results show good repeatability and reveal that the
current can be modulated over more than an order of magnitude.

Figure 2d highlights the multi-level retention capabilities of the
devices, measured for up to 900 s. Despite an initial decay of
some of the states, they stabilize to 16 separate states. Extended
retention measurements of >104 s for the highest and lowest
resistance states are presented in Figure S4.

Finally, the neuromorphic capabilities of the fabricated devices
were evaluated by conducting spike-timing-dependent plasticity
(STDP) measurements to emulate the behavior of biological
synapses. The neuromorphic voltage profiles, shown in the inset
of Figure 3a, consisted of a sum of two symmetric voltage signals,
representing pre-synaptic and post-synaptic spikes, which were
systematically shifted in time relative to each other. Each spike
was composed of two inverted triangular segments with varying
amplitudes. After the application of the time-shifted voltage
profiles, the resulting state was measured by 100 points with
Vread = −0.1 V, and each time shift was measured 10 times.
The values presented in Figure 3 correspond to the averages
of these 10 repetitions. Error bars were derived using standard
error propagation based on the standard deviations of the 100-
point averages and ten repetitions. Further details on the voltage
profiles can be found in previous work [53].
Advanced Functional Materials, 2026
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FIGURE 2 Electrical characterization of the W/HfO2/LSMO/Nb:STO devices. (a) Current-voltage (I–V) curves were measured from ten different
devices with electrodes of 100 µm diameter, each subjected to five switching cycles (50 curves in total). (b) Switching endurance, where the resistance
values of LRS (blue) and HRS (red) were measured at Vread = −0.1 V as a function of the number of switching cycles, up to 106 cycles. (c) Read
current modulation (top panel, Vread = −0.1 V), achieved by applying subsequent voltage pulses of varying amplitudes (bottom panel). (d) Multiple-
state resistance retention over 900 s for programming voltages ranging from 1.5 to 3.0 V without intermediate reset. Vread = −0.1 V. Note that for (c) and
(d), the voltage was applied at the bottom electrode.

FIGURE 3 Neuromorphic characterization of the fabricated devices using spike timing-dependent plasticity measurements. (a) Potentiation
profile observed when the pre-synaptic spike precedes the post-synaptic spike. Inset: Schematic of the neuromorphic voltage profiles, which consist
of the sum of twomirrored voltage signals shifted in time relative to each other: the pre-synaptic spike (purple) and the post-synaptic spike (green). (b) A
depression profile is observed when the pre-synaptic spike arrives after the post-synaptic spike. The legend of each data set in each plot specifies the
polarity and amplitude of the two triangular segments composing the synaptic pulses.
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The apparent synaptic modulation confirms the ability of the
fabricated devices to successfully emulate STDP, underscoring
their potential for neuromorphic applications.

In the case where the pre-synaptic spike arrives before the post-
synaptic spike, potentiation occurs, as illustrated in Figure 3a,
Advanced Functional Materials, 2026
indicating the strengthening of the synapse (decrease of the
resistance). Conversely, when the pre-synaptic spike follows the
post-synaptic spike, depression occurs, as shown in Figure 3b,
representing weakening of the synapse (increase of the resis-
tance). In each measurement, two pairs of different amplitudes
were used for the triangular segments, as indicated in the legends
5 of 12
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FIGURE 4 Piezo-response force spectroscopy/microscopy of theHfO2/LSMO/Nb:STO structure. (a) Phase (purple) and amplitude (orange) signals
from piezo-response force spectroscopy (PFS). Nearly 180◦ of phase change was observed between −3 and 3 V. (b) Phase response from vertical piezo-
response force microscopy (v-PFM). Clear contrast is observed between 2 and−2 V poling. (c) Amplitude response from v-PFM. (d) Amplitude mapping
of the amplitude response from PFM along the green arrow in (c). A sharp fluctuation of the amplitude was observed at the boundary between oppositely
poled polarizations, indicative of a domain wall between the oppositely polarized areas.
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of Figure 3a,b. This illustrates how the general STDP functionality
can be tuned further for stronger or weaker effects.

3.3 Ferroelectric Characterization

The observation of resistance switching in o-HfO2 beckons
the question of whether ferroelectricity is responsible for the
electrical behavior. In addition, ferroelectricity has rarely been
observed in undopedHfO2 films as thin as 3 nm,whichmakes the
investigation even more worthwhile. To investigate the presence
of ferroelectricity in the o-HfO2 thin film, piezo-response force
spectroscopy (PFS) and piezo-response force microscopy (PFM)
were performed, using Pt-coated probe tips (see Experimental
Details). PFM poling was performed on the bare HfO2 film
surface, while PFSwas performed onWTEs of 25 µm in diameter.

Out-of-plane PFS was performed with VDC of ±3 V (same as
current-voltage measurements) for writing and Vac of 0.5 V at
900 kHz. The phase and amplitude signals from PFS are plotted
in Figure 4a. There is a slight shift of the phase hysteresis loop
towards negative voltages due to the asymmetric film stack, i.e., a
bottom contact of LSMO/Nb:STO, while the top contact consisted
of W. A coercive voltage of ≈0.8 V was obtained from the minima
(≈0.4 and ≈-1.2 V) of the amplitude loop, and a nearly 180◦
phase change was observed between −3 and 3 V, indicative of bi-
axial switchable polar states. A low writing voltage is expected
to result from this low coercive voltage. Figure 4b,c shows the
phase and amplitude response, respectively, from vertical PFM
(v-PFM), with VDC of ±2 V for writing and Vac of 0.5 V for
6 of 12
reading. The phase contrast in Figure 4b indicates reversible,
spatially oppositely polarized states, while the unpolarized pris-
tine states show amulti-domain pattern. The amplitude response
in Figure 4c is weak due to the small thickness and low d33
piezo-response of a few pm/V for HfO2 films compared with
perovskite ferroelectricswith up to several hundred pm/V [57, 58].
The current through the thin films here is not a leakage current,
but constitutes the key functionality of the devices. Therefore,
methods of current compensation are not applicable to try to
extract the transient currents due to polarization switching. In
Figure 4d, the amplitude along the green arrow in Figure 4c is
plotted against the distance. A sharp fluctuation of the amplitude
was observed at the boundary of two oppositely polarized regions,
indicative of a domain wall.

In order to gauge if the observed phase contrast is driven by charge
injection instead of ferroelectricity, a retention measurement was
performed for 3600 s, shown in Figure S5. Generally, for HfO2, the
lifetime of injected charge is∼1000 s [59], but for the presentHfO2
films, the phase contrast was retained even after 3600 s, indicative
of non-volatile polar states rather than a charge injection effect.
Similarly, the domain wall is retained in the amplitude signal,
which is further evidence of the retention of opposite polar states.

3.4 Compositional Characterization

Before relating the observed ferroelectricity to the resistance
switching, depth-resolved X-ray photoelectron spectroscopy
(XPS) measurements on both the HRS and LRS states will be
Advanced Functional Materials, 2026
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FIGURE 5 X-ray photoelectron spectroscopy, chemical characterization, and oxygen redistribution schematic for the W/HfO2/LSMO/Nb:STO
structure. (a) Hf 4f (top) and O 1s (middle) core level spectra, and the concentration of Hf4+ and Hf3+ as a function of sputtering time (bottom) for the
pristine HRS. (b) Illustration of the oxygen redistribution after biasing. (c) Hf 4f (top) and O 1s (middle) core level spectrum, and the concentration of
Hf4+, Hf3+, and Hf2+ as a function of sputtering time (bottom) for the LRS after 500 positive I–V cycles. The increase in Hf suboxides with increasing
etching time can be derived from the increasing low-energy shoulder observed in the Hf 4f core level spectra.
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discussed to reveal different Hf oxidation states in the two
resistance states. Figure 5a,c show the Hf 4f (top figures) and O
1s (middle figures) core level spectra acquired from devices in the
pristine HRS (a) and positively biased LRS (c) – 500 I–V sweeps
from 0 to 3.5 V at the TE – as a function of sputter etching time t
of the top W surface. For these measurements, the W top
metal was ≈8 nm thin to serve as an electrode and cap layer
to allow acquiring the Hf 4f signals at different depths without
damaging them by sputter-etching [53] (only the W was etched
by sputtering, and with decreasing W thickness, increasing
depths into the HfO2 were probed). The signal intensities were
normalized to show possible changes in peak positions and
shapes. For both cases, the Hf 4f and O 1s signals appear at the
same positions, indicating that there is no detectable chemical
shift as a function of depth. While the shape of the Hf 4f spectra
does not change throughout the HfO2 layer in the pristine device,
see Figure 5a, a shoulder appears at the lower binding energies
of the Hf 4f spectra for the biased device, see Figure 5c. The
area under this shoulder increases up to t = 600 s, then remains
Advanced Functional Materials, 2026
constant for t ≥ 720 s. Since the XPS core levels of the 3 nm HfO2
layer were acquired while the W top layer was still present (but
gradually thinned in the etching process), the observed shoulder
in the Hf 4f spectra does not originate from Ar ion sputter
damage, but can be attributed to the formation of reduced Hf
oxidation states during the switching process [53]. Furthermore,
it is clear that this difference appears due to the electrical bias,
rather than sputter damage, as the pristine HRS and biased
LRS devices were subjected to the same etching procedure, but
yielded different Hf 4f core level spectra.

The Hf 4f peaks were deconvoluted to obtain the impact of
applying a positive bias on theHf oxidation states inHfO2. For the
pristine condition, theHf 4f spectra were fittedwith two doublets,
corresponding to the existence of Hf4+ and Hf3+, see Figure S6a
for details. It is well established that the proportion of Hf3+ serves
as a quantitative indicator of the oxygen vacancy concentration
[60], and the existence of oxygen vacancies seems essential to
achieve o-phase HfO2 films [26]. The concentration of the lower
7 of 12
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FIGURE 6 Band diagram and electronic conduction mechanism.
(a) Work function and band gap literature values for W, HfO2, and
LSMO. (b)Measured current density (100 µmTEdiameter) and calculated
direct tunneling (DT) current density according to (1). The analytical
expression accurately reproduces the correct order of magnitude of the
current density without a free fitting parameter. Inset: Band diagram
according to the Schottky-Mott rule when the materials with values as
in (a) are brought into contact. The colored (online) arrows indicate the
direction of polarization. The change in band bending depending on
polarization is only illustrated on the side of the LSMO interface, as this
is the current-limiting element. The effect on the opposite interface is
negligible.
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Hf oxidation states does not significantly change throughout the
HfO2 layer: ≈82% Hf4+ and ≈18% Hf3+, as presented in Figure 5a,
bottom figure. This demonstrates a stable and uniform oxygen
vacancy concentration in these devices, achieved simply by ultra-
thin filmswithout doping, and this leads to the uniformand stable
electrical performance with high endurance and uniformity.
The stable epitaxial films are so thin that even oxygen, which
might be scavenged from the electrodes, cannot create an oxygen
gradient in the film, and therefore oxygen drift and diffusion are
suppressed, leading to stable switching performance.

The Hf 4f spectra acquired from the positively biased device,
however, consist of an additional doublet corresponding to Hf2+,
see Figure S6b. Figure 5c, bottom figure, shows the concentrations
of Hf4+, Hf3+, and Hf2+ as a function of sputter etching time
t. For t > 360 s, while there is a downward trend in the Hf4+
concentration, the concentrations of Hf3+ and Hf2+ steadily
increase toward the HfO2/LSMO interface.

The same changes would be expected for the O 1s core level spec-
tra. However, the normalized O 1s spectra shown in Figure 5a,c,
middle figures, consist of peaks with similar widths and shapes,
with no chemical shift or visible peak splitting. This is mainly
because the O 1s peaks with different oxidation states appear at
very close binding energies, and the variations in the fractions of
their oxidation states are not sufficiently high to change the peak
shapes [53]. Figure 5b presents a visual representation, based on
the XPS results, illustrating the distribution of oxygen vacancies
in the two resistance states. In the pristine state, the device is in
the HRS, and an oxygen vacancy concentration corresponding
to <20% Hf3+ is uniformly distributed within the HfO2 film.
After the repeated application of a positive voltage to the W TE,
an increased oxygen vacancy concentration is measured in the
HfO2, coinciding with a switch from the pristine HRS to the
LRS.

In the absence of any other atomic species, the change in Hf
4f oxidation states reveals the movement of oxygen within our
devices after excessive biasing with the same polarity. If the
oxidation states are reduced in the HfO2 layer, oxygen has to
move into and out of the BE and/or TE. It has been reported
that there can be oxygen exchange between LSMO and HfO2-
based ferroelectrics [61], but the voltage polarity does not fit here.
A positive voltage at the TE should draw negatively charged
oxygen ions out of the LSMO, not oxygen vacancies, and this
would increase the Hf oxidation state, not reduce it, as observed
here. On the other hand, it is known that W, which is the
TE in our devices, or an interfacial WOx layer, formed during
switching, can be reversibly oxidized under bias application [62],
and oxygen exchange with the TE has been reported even for
noble metals such as Pt [63]. In the latter case, the TE serves as an
oxygen reservoir without oxidation reactions of the metal. While
we could not resolve whether the W oxidizes during switching,
as the W core level overlaps with Hf, given the observed I–V
polarity, oxygen exchangewith theWelectrode seemsmore likely.
Nevertheless, this is only observable after 500 consecutive positive
I-V sweeps, very different from the actual device operation.
Hence, this small effect and the observed one order of magnitude
higher endurance than most epitaxial HZO FTJs indicate a
stable oxygen distribution in normal device operation. Thus, the
ferroelectric switching with minimal mass transport is by far
8 of 12
the dominant switching mechanism, with at most a potential
secondary, minor contribution from the movement of oxygen
between the HfO2 and the TE.

3.5 Electronic Conduction and Resistance
Switching Mechanism

In the following, the electrical device behavior will be discussed
in light of the measured ferroelectric switching and oxygen
vacancy concentrations. For a HfO2 oxide layer as thin as 3 nm,
direct tunnelling can be expected to be the dominant electronic
current mechanism, and its current density JDT can be calculated
analytically according to [64]:

𝐽DT = 𝐶

exp

[
𝛼

{(
ΦB,2 −

𝑞𝑉

2

)3∕2
−
(
Φ𝐵,1 −

𝑞𝑉

2

)3∕2}]

𝛼2
{√

Φ𝐵,2 −
𝑞𝑉

2
−
√
Φ𝐵,1 +

𝑞𝑉

2

}2

× sinh

[
3𝑞𝑉

4
𝛼

{√
Φ𝐵,2 −

𝑞𝑉

2
−
√
Φ𝐵,1 +

𝑞𝑉

2

}]
(1)

where C = −4qmox/(9π2ℏ3), 𝛼 =
4𝑑

√
2𝑚𝑜𝑥∕[3ℏ(ΦB,1 + 𝑞𝑉 − ΦB,2)], Φ𝐵,1 and Φ𝐵,2 are the barrier

heights according to Figure 6, q is the elemental charge, V is
the voltage applied across the barrier, and mox = 0.11×m0 for
HfO2 [65], where m0 is the electron rest mass. Figure 6a and
Advanced Functional Materials, 2026
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the inset of Figure 6b present the expected band diagram of
our devices according to the Schottky-Mott rule. With literature
values [66–69] for all parameters in (1), provided in Figure 6a,
and without any free fitting parameters, the calculated JDT
according to (1) lands right on top of the measured LRS currents
and accurately reproduces the correct order of magnitude, see
Figure 6b. The only assumption is for the Fermi level in HfO2
to lie in the middle of the band gap, and the resulting electron
affinity of 2.1 eV is in agreement with experimental values [65].
In addition, even with a variation of the barrier height of a few
hundred meV, the order of magnitude of the current density is
still reproduced correctly, so the assumption of a mid-gap Fermi
level is not critical. The deviations of the measured current
density from the ideal analytic equation can be explained by the
presence of secondary electronic conduction mechanisms and a
series resistance from, e.g., the LSMO/Nb:STO.

The current density expected from the reverse Schottky emission
equation, as another typically observed electronic conduction
mechanism in metal-insulator-metal structures [64], is several
orders of magnitude lower than the measured currents due to
the high values of ΦB,1 and ΦB,2 in Figure 6b. Alternatively, if
the reverse Schottky equation is fitted to the measured data, it
results in barrier heights of 0.54 and 0.38 eV for the HRS and
LRS, respectively, although the fits do not match the measured I–
V curves well (see Figure S7). While these barrier heights could
be explained in principle by strong Fermi level pinning due
to trap levels high up in the band gap of the HfO2, the only
other fitted value, the high-frequency dielectric constant, yields
values of 6–8 (HRS) and 35–39 (LRS), which is much higher than
experimental literature values of ≈2–3 [70] and thus makes this
interpretation unphysical. In addition, if the conduction band
was pinned in this way, the expected current density according
to (1), contributing at the same time, would be orders of mag-
nitude higher than the measured values, see Figure S8. Fowler-
Nordheim tunneling as the third candidate [64] for electronic
conduction in the presented structure did not fit themeasured I–V
curves.

To corroborate this understanding, temperature-dependent I–V
measurements and low-frequency noise (LFN) measurements
were carried out. The former are presented in Figure S9 and
reveal that neither the switching mechanism nor the electronic
conduction is thermally activated. The latter (LFN) are presented
in Figure S10 and reveal frequency-independent LFN, which
is what would be expected for tunneling shot noise. Other
conduction mechanisms, such as Poole-Frenkel emission, have
been shown to exhibit 1/f characteristics of LFN, and indeed,
it has been shown that in FTJs where both tunneling and PF
emission are present, the LFN characteristics differ between
1/f and frequency-independent, respectively [71, 72]. Both the
temperature-dependent andLFNobservations are in linewith the
understanding of ferroelectric switching and direct tunneling.

With direct tunnelling as the most likely electronic conduc-
tion mechanism, the resistance switching mechanism can be
explained in more detail. Again, based on (1), it turns out that a
change of ΦB,1 and ΦB,2 upon polarization reversal does not lead
to a significant change in the current levels. This is explained
because tunneling occurs close to the Fermi level (or conduction
band minimum for semiconductors), where the effective barrier
Advanced Functional Materials, 2026
height for a trapezoidal tunneling barrier remains similar upon
change ofΦB,1 andΦB,2 (up to a value similar to the offset between
both sides). Instead, the tunneling current strongly depends
on the tunneling distance d. With an increase of as little as
0.4 nm, i.e., increasing d from the film thickness of 3 nm to an
effective thickness of 3.4 nm in (1), the measured HRS current is
reproduced almost as closely as the LRS. Such an increase in the
effective tunneling distance can occur due to electron depletion in
the LSMO for a polarization pointing away from it, as illustrated
in the inset of Figure 6, and this is consistent with the switching
orientation of the measured I–V curves.

The value of 0.4 nm can be checked by estimating the depletion
width inside the LSMO as a consequence of the FE polarization
of the HfO2. In a metal-insulator-semiconductor structure, the
depletion width wD in the semiconductor can be estimated as
wD =

√
2𝜀0𝜀sΨs∕(𝑞𝑁) , where ε0 and εs are the vacuum and

semiconductor permittivity, respectively,Ψs is the built-in voltage
at the semiconductor interface, q is the elemental charge, and N
is the carrier concentration in the semiconductor [73]. Formally, a
change in wD due to a change in Ψs due to FE polarization would
hence be Δ𝑤D =

√
2𝜀0𝜀s∕(𝑞𝑁) × [

√
Ψs + ΔΨs −

√
Ψs]. With lit-

erature values of εs ≈ 30 [74] andN= 1021–1022 cm−3 [75], and with
the approximation that the conduction band edge in theHfO2 and
LSMO changes by the same amount, ΔΨs ≈ σδ/(ε0εs) [76], where
σ is the additional interface charge due to the FE polarization P,
i.e., σ = P. Due to the high device currents, it was not possible to
measure the polarization directly, but for similar films in previous
work, it was estimated that P≈ 10 µC/cm2 [28]. With the provided
values, if for simplicity it is assumed that Ψs ≈ 0, the equation for
wD yields values between 0.2 and 0.8 nm for N between 1022 and
1021 cm−3, respectively, which is in good agreement with the value
of 0.4 nm from the direct tunnelling equation. When assuming
that Ψs ≈ 2ΔΨs as an upper-bounds reference, wD reduces to 0.1–
0.3 nm, which is in good agreement, too. Obviously, condensing
the change between LRS and HRS into just this one number
is a simplification [74], but it yields consistent estimations. A
change in the LSMO depletion width can also explain the slight
asymmetry between the two branches of the HRS. In the LRS,
where there is no additional depletion width present in the LRS,
the HfO2 barrier appears roughly symmetric for positive and
negative bias. In the HRS, however, with an additional depletion
width in the LSMO, the barrier appears asymmetric for different
voltage polarities.

A potential effect of oxygen exchange between the HfO2 and
(likely) theW electrode would affect the HfO2 bands qualitatively
in the same way by gradually lowering the effective tunneling
barrier height for gradual and subtle increases in the oxygen
vacancy concentration inside the HfO2, and by adding to the
accumulation of electrons in the LSMO. The observation of accu-
rate multi-level resistance control can then finally be explained
by the polarization switching with a distribution of switching
voltages for various domains inside the film, which gradually
changes the electron accumulation in the LSMO, together with
a possible minimal contribution from the gradual change of the
oxygen vacancy concentration inside the HfO2, which could have
an effect on the barrier height.

Overall, we have demonstrated tuning of the switching behavior
in a ferroelectric tunnel junction by ferroelectric polarization
9 of 12
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switching, and a minimal observation of oxygen vacancy move-
ment. This differs from HZO FTJs, where oxygen vacancies
likely have to be stabilized in the HZO crystal structure by
the introduction of Zr atoms [77]. Compared with state-of-the-
art literature summarized in Table S1, the presented ultra-thin
undoped HfO2 films yield an ON state current several orders
of magnitude as high as most HZO FTJs, as well as at least
an order of magnitude improvement in endurance and several
volts lower write voltage compared with other epitaxial thin
films.

4 Conclusion

In a 3-nm-thin orthorhombic epitaxial ferroelectric tunnel junc-
tion comprised of HfO2 thin films deposited on LSMO/Nb:STO
substrates and W top electrodes, we demonstrate high ON
currents of 5–42 A/cm2 at −0.1 to −0.5 V read voltage, low
write voltages of ±3 V, >106 switching cycles, 16 resistance
states, voltage pulse train and spike-timing-dependent plasticity,
multi-level neuromorphic functionality, and stable temperature
dependence of the switching performance up to 150◦C. Direct
electron tunneling, with an exponential dependence on the
tunneling distance, modulated via electrode carrier depletion
due to ferroelectric polarization, is proven to be the switch-
ing mechanism. The performance is significantly improved
compared with most previously reported epitaxial HZO thin
films in terms of ON current, consistent with higher trans-
mission probability through undoped HfO2, lower write volt-
age from the low coercive voltage, and superior endurance
performance enabled by a stabilized oxygen concentration
in the undoped ultra-thin films. Our work highlights the
importance of careful materials design in both the ferroelec-
tric film and electrodes for achieving superior FTJ perfor-
mance of next-generation neuromorphic and analog memory
devices.
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