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In ferroelectric tunnel junctions, the tunnel resistance depends on the polarization orientation
of the ferroelectric tunnel barrier, giving rise to tunnel electroresistance. These devices are
promising to be used as memristors in neuromorphic architectures and as non-volatile
memory elements. For both applications device scalability is essential, which requires a clear
understanding of the relationship between polarization reversal and resistance change as
junction size shrinks. Here we show robust tunnel electroresistance in BiFeOs-based junctions
with diameters ranging from 1200 to 180 nm. We demonstrate that the tunnel

electroresistance and the corresponding fraction of reversed ferroelectric domains change
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drastically with the junction diameter: while micron-size junctions display reversal in less than
10% of the area, the smallest junctions show an almost complete polarization reversal.
Modeling the electric-field distribution, we highlight the critical role of the bottom electrode
resistance which significantly diminishes the actual electric field applied to the ferroelectric
barrier in the mixed polarization state. A polarization-dependent critical electric field below
which further reversal is prohibited is found to explain the large differences between the
ferroelectric switchability of nano- and micron-size junctions. Our results indicate that
ferroelectric junctions are downscalable and suggest that specific junction shapes facilitate

complete polarization reversal.

Ferroelectric materials possess a spontaneous electrical polarization that is switchable by an
external electric field. This enables the use of thin ferroelectric films sandwiched between
electrodes as non-volatile memories.' In such ferroelectric memories, the information is
encoded by the polarization orientation and recovered in a destructive capacitive readout.
When the thickness of the ferroelectric films is of the order of a few nanometers, electron
tunneling becomes possible. In these ferroelectric tunnel junctions,z’3 the tunnel resistance
varies depending on the orientation of the polarization; this tunnel electroresistance effect
enables a non-destructive information readout.*® Furthermore, ferroelectric domains and their
dynamics”™ offer additional degrees of freedom and give rise to an analog memristive

11-14

response of the tunnel junction that emulates the behavior of synapses in neuromorphic

networks.™*®



Large tunnel electroresistance values of more than 10° are now achievable at room

17221 \which makes ferroelectric tunnel junctions interesting candidates for resistive

temperature,
memories.? In addition, coupling ferroelectric materials to strongly correlated oxide electrodes
can provide a local, permanent, and switchable electric field able to trigger electronic or
magnetic phase transitions.? In tunnel junctions combined with ferromagnetic electrodes for
example, the polarization reversal can induce changes of the interfacial magnetization.B'25
These interfacial magnetoelectric coupling phenomena can be probed by tunnel
magnetoresistance experiments, resulting in a non-volatile control of the spin-polarization.*®™**
Moreover, selecting oxide electrodes subject to field-induced electronic phase transitions upon

2930 Hence, ferroelectric

polarization reversal may result in enhanced tunnel electroresistance.
tunnel junctions offer a fantastic playground to explore electric-field-driven modifications at the

nanoscale.’?

However, pure tunnel electroresistance measurements do not provide any information on the
efficiency of polarization switching: since the first nanodomain with high conductivity
nucleating from a homogeneously polarized state (OFF resistance) acts as a “shortcut”, it

11,1 . . .
8 For such an incomplete polarization reversal,

immediately leads to large electrical contrasts.
the effect of field-induced modifications of electronic or magnetic properties would be confined
to a minor fraction of the junction area. Therefore, a thorough understanding of interfacial field-
effect modifications requires a precise knowledge of the polarization landscape in ferroelectric
tunnel junctions. In this paper, we demonstrate that the efficiency of polarization switching and

the corresponding tunnel electroresistance strongly vary with the lateral size of BiFeOs-based

tunnel junctions. The experimental size-dependent polarization configurations are understood



by electric-field distribution simulations that reveal the significant role of the oxide electrode
resistance. These results underline the peculiar interplay between geometry and domain

populations in such conductive ferroelectric films.

Ferroelectric tunnel junctions are fabricated from epitaxial heterostructures of BiFeOs (4.6 nm) /
Cag.96Ce0.04Mn03 (21 nm) grown by pulsed laser deposition on YAIO; substrates.'® The large
epitaxial strain imposed by the substrate stabilizes BiFeOs in its super-tetragonal polymorphic
phase with a large polarization that initially points towards the CapgsCe.0sMnOs; bottom
electrode.?! Top electrodes of Pt (10 nm) / Co (10 nm) with diameters ranging from 180 nm to

£.18 We use

1200 nm (Fig. 1(a)) are defined by electron-beam lithography, sputtering, and lift-of
the conductive tip of an atomic force microscope (AFM) to connect individual top electrodes
and perform electric transport measurements under a constant voltage of —100 mV after
applying voltage pulses of 100 ns with amplitudes ranging from —3.5V to 3.5V. The bottom

electrode is connected to ground. We use this AFM set-up to map ferroelectric domains by

piezoresponse force microscopy (PFM) through the top electrode.

Fig. 1(b) shows resistance hysteresis cycles as a function of the amplitude of write voltage pulses
for five different junction diameters. All junctions show large tunnel electroresistance with two
well-defined ON and OFF resistance states and are initially in the OFF state. The reversibility of
the switching between these two states is emphasized by the virtually undistinguishable first
and second cycles (open and full symbols, respectively) for all junctions. Strikingly, the tunnel
electroresistance decreases as the junction diameter increases. It reaches about 5x 10* for

180-nm-wide junctions and only 6 x 10* for the 1200-nm ones.



In general, one would not expect the tunnel electroresistance to depend on the lateral size of
the junctions. Indeed, the resistance-area product of a junction in a homogeneous state of
polarization should be constant if tunnel transport is involved. Figure 2 displays the ON and OFF
resistance-area products as a function of the device diameter and the corresponding
ferroelectric domain populations. The resistance-area product of the OFF resistance state does
not vary with the junction diameter. This indicates a good structural and electrical homogeneity
of the BiFeOs tunnel barrier under the assumption of a homogeneous polarization state up to
the micron scale. This is corroborated by the bright PFM phase and constant PFM amplitude for
all OFF resistance states (Fig.2(b)) which indicate a homogeneous polarization pointing

downward (toward the Cag96Ceg.04MnO3 electrode) for all device sizes.

In the ON resistance state however, the resistance-area product increases as the junction
diameter increases (Fig. 2(a)). This suggests that the switching behavior may change with the
junction size. Indeed, the PFM phase images of junctions in the ON resistance state are strikingly
different (Fig. 2(b)): for 180-nm junctions, the ON-state PFM phase is almost completely dark,
suggesting that a majority of the ferroelectric domains have switched from downward to
upward (toward the Co electrode); for 290-nm junctions, the mixed PFM phase signal indicates
that only half of the area is switched, while for the 1200-nm junctions, a majority of domains
remain in the downward state. In Figure 2(c), the ON-state fraction of reversed domains
(upward polarization) is estimated from the PFM phase images (Fig. 2(b)) and plotted as a
function of the junction diameter. We conclude that the decrease of the tunnel
electroresistance with the junction diameter can be explained by a reduced fraction of switched

ferroelectric domains in the ON resistance state.



In order to get more insights into the size-dependent polarization reversal of these BiFeO3
tunnel junctions, we perform finite-size-element electric-field distribution simulations (using the
Quickfield software, Fig. 3). In these 2D simulations, a voltage of —3.5V is applied to the top
electrode of Co while each end of a 10-um-long bottom electrode of CaggsCeg0aMnOs is
connected to ground (Fig. 3(a)). We consider the resistivity of the CaggeCeo.04MnO;3 electrode
(5 mQ.cm) as measured experimentally in patterned junctions *. In addition, the actual values
of the resistance area products for the up (9 x 10° Q.um?) and down (2 x 10* Q.um?) domains in
this voltage range are deduced from real-time transmission experiments and dc measurements
(not shown). Owing to the pronounced non-linearity of tunnel transport, these resistance-area
products during voltage pulses of -3.5 V are significantly lower than in the low dc voltage range

we use for hysteresis (Fig. 1(b)).

In the initial state of 180-nm-wide junctions (OFF resistance, downward polarization, Fig. 3(a)),
the voltage mainly drops across the BiFeOs; tunnel barrier (Fig.3(b)), giving rise to a
homogeneous electric field in the center of the junction (Fig. 3(c)). This electric field strongly
increases at the edge of the top electrode (Fig. 3(c)), which should favor the nucleation of
ferroelectric domains with up polarization in agreement with experimental PFM observations
(Fig. 2(b)). The introduction of domains with up polarization at the edges of the junction
(Fig. 3(d)), during the OFF-to-ON switching, induces a change of the voltage profile (Fig. 3(e))
and a strong reduction of the electric field within the unswitched central region of the BiFeO;
tunnel barrier (Fig. 3(f)). This can be understood by considering the fact that as up domains

switch, the equivalent resistance of the tunnel barrier comes close to that of the



Cag.96Ce0.04Mn0O3 electrode. Consequently, a significant part of the voltage drops within the

electrode, as emphasized in Fig. 3(g).

The electric-field simulations are repeated for various fractions of domains with up polarization
and for 180-nm- and 1200-nm-wide top electrodes. The resulting evolution of the electric field
in the unswitched center of the barrier as a function of the domain proportion is plotted in
Figure 4. In the case of a homogeneous polarization pointing downward (corresponding to the
OFF-resistance state in the experiments), the electric field in BiFeOs is smaller for 1200-nm-wide
junctions than for 180-nm ones. As the fraction of up domains increases this difference becomes
larger. Considering a critical field below which no down domains can be switched (horizontal
line in Fig. 4(a)), these simple simulations can qualitatively explain the experiments with BiFeOs;
tunnel junctions. For a critical field of 0.48 V/nm, about 80% of up domains can be formed in
180-nm-wide junctions while less than 10% will reverse in 1200-nm-wide junctions. These
estimates fall within the range of our experimental observations by PFM (Fig. 2(b)-(c)) for the

ON resistance states of junctions with various sizes.

The electric-field simulations thus demonstrate the influence of the electrode resistance on the
efficiency of polarization switching in ferroelectric tunnel junctions; this series resistance may
impede the full reversal of polarization, limiting the tunnel electroresistance. We note that a
total polarization reversal is not achieved for the junctions reported here, even for the smallest
devices. In view of the promising applications mentioned above, ways to circumvent this issue
are highly desirable. We recall that the nucleation takes place at the edges of the junction,
where the electric field is stronger. The field across the barrier continuously decreases as the

upward domains grow, until it reaches a critical value at which the domains freeze, the switched

7



area being defined by the specific switching dynamics of the tunnel junctions. Indeed, here, the
electric field is highly dependent on the domain configuration, which is not the case for classical

(thick insulating film) ferroelectric capacitors used in ferroelectric memories.!

Exploiting the increased electric field at the edges (Fig. 3(c)) in junctions with large areas but
high perimeter-to-area ratios could be an efficient trick to improve the switching efficiency. This
is illustrated in Fig. 5 where the polarization reversals of two junctions with similar areas but
different perimeter-to-area ratios are compared. In the donut-shaped junction (Fig. 5(a)), the
increased electric field at the inner and outer edges promotes domain nucleation (as visible
from the PFM amplitude in the intermediate state). This enables a more efficient switching of
polarization than in the circular junction with similar area (Fig. 5(b)). Consequently, the fraction
of up domains (dark PFM phase in the images) is higher for the donut than for the disk in the ON
state. The resulting tunnel electroresistance reaches 2.5 x 10* for the donut, which is about

three times higher than in the circular junction with a similar area.

We report a peculiar size dependence of the tunnel electroresistance linked to an incomplete
polarization switching in ferroelectric tunnel junctions based on BiFeOs. Larger tunnel
electroresistances are obtained for smaller junctions. Electric field simulations give some
insights into the critical role of the oxide electrode resistance during polarization reversal, which
limits the actual field applied to the ferroelectric in the mixed polarization state. Optimizing the
geometry of the junctions provides a way to improve the switchability of the device. In contrast
to thick insulating ferroelectric capacitors, the actual electric field across the ferroelectric tunnel

barrier evolves dynamically with the domain population, resulting in potentially complex



dynamic behavior. Resorting to smartly designed nanoscale devices could yield efficient

polarization switching and maximize the tunnel electroresistance.
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FIG. 1. (a) 3D topographic atomic force microscopy images of BiFeOs tunnel junction top
electrodes with increasing diameters. (b) Resistance hysteresis with write voltage pulses
for each junction diameter. The first two hysteresis cycles of two typical junctions are

displayed for each diameter.
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FIG. 2. (a) Resistance-area product in the OFF and ON states as a function of diameter of the
tunnel junctions displayed in Figure 1b. (b)Piezoresponse force microscopy images
(out-of-plane phase (left) and amplitude (right)) in the OFF and ON states of junctions with
different diameters. (c) Fraction of domains with polarization pointing up in the ON state as a
function of the junction diameter estimated from PFM phase images of (b). The line is a guide to

the eyes.
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FIG. 3. (a) Schematic of the structure (not to scale) used for the model in the case of a uniform
down polarization in BiFeOs, considering a 180-nm-wide top electrode and 10-um-long bottom
electrode of CaggsCep0sMnOs. The following parts (b-c) of the figure are zoomed in to
10 nm x 6.5 nm regions. (b) The potential drop and (c) uniform electric field found within the
center of the junction can be compared with the edge of the top electrode region, whereby the
potential distribution of the fringes creates an enhanced electric field, facilitating the nucleation
of domains from this point. (d) Schematic of the same structure considering that up domains
(with width d = 80 nm) switched from the edges of the junction. (e) The potential and (f) electric
field distributions within the center of the junction show significant changes compared to the
homogeneous state (b-c). Indeed, a significant part of the potential drops along the length of

the bottom electrode of Cag 9sCe0.04Mn0O3 in the switched state as illustrated in (g).
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180-nm- and 1200-nm-wide junctions. The geometry used for the simulations is the same as in

Figure 3d from which the fraction of upward domains is determined as 4d(§z_d). The inset shows

examples of the electric field distributions in 10 nm x 6.5 nm regions of the center of junctions
for homogeneous up or down polarization states. The horizontal line is an estimate of the
critical field below which up domains cannot nucleate. For the 100-ns pulses of —3.5 V studied
here, this corresponds to a fraction of up domains of 12% and 86% for 1200-nm and 180-nm

junctions, respectively.
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FIG. 5. Topography and piezoresponse force microscopy images (out-of-plane phase and
amplitude) in the OFF, intermediate (Int.), and ON states of junctions (top to bottom) with
similar areas but different shapes: (a) donut-shaped junction (500-nm and 170-nm outer and
inner diameters, respectively), (b)standard circular junction (400-nm diameter). A clear
difference in the switched domain configurations between the ON states of both junctions

emphasizes the critical role of the border-to-area ratio that improves the switching efficiency.
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