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ABSTRACT

The resistive switching (RS) effect in ferroelectric oxides continues to attract significant attention due to its potential applications in nonvolatile memory and
neuromorphic computing devices. In this study, we investigate the RS properties of BiFeO3/YBapCu3O7_4q (BFO/YBCO) bilayers grown on LSAT substrates, comparing
two different top-electrode materials: YBCO and Ag. The devices were fabricated using reactive sputtering at high oxygen pressure, and their RS mechanisms were
investigated via current-voltage (I-V) measurements. We find all devices exhibit unipolar behavior, with symmetric RS behavior observed in devices with YBCO top
electrodes and asymmetric RS in those with Ag top electrodes. Devices with YBCO top electrodes display ohmic conduction, whereas Ag top electrode devices exhibit
a combination of Schottky, Poole-Frenkel emission, and spaced charge limited conduction mechanisms. Resistance versus time measurements were performed over
30 cycles with 20 different writing voltages to evaluate the ratio between the low resistance state (LRS) and high resistance state (HRS). Ag top electrodes devices
consistently exhibited higher resistance ratios —approximately three times larger— compared to YBCO devices. Furthermore, better temporal stability of HRS and LRS
was observed in devices with Ag top electrodes, attributed to the differences in the Fermi energy levels between YBCO, Ag and BFO. The superior performance of Ag
top electrode devices, including their higher storage density and low operation parameters (0.25 V and 5 nA), highlights their potential for energy-efficient ap-
plications in future oxide-based memory and neuromorphic devices.

1. Introduction ReRAM applications but also enables crossbar array designs essential for

neuromorphic computing implementations [16-18]. The crossbar ar-

Resistive random-access memory (ReRAM) devices, which operate
based on the resistive switching (RS) effect, have emerged as leading
candidates for next-generation memory applications, especially in low-
power scenarios [1]. These devices show increasing promise across
diverse fields, from biosensors [2-4] and aerospace technologies [5,6] to
energy-efficient data centers supporting Internet of Things (IoT) and
cloud computing applications [7-9]. Recent advancements have
demonstrated that RS-based memristive devices can achieve brain-like
computation efficiency, establishing them as pivotal components in
energy-efficient neuromorphic computing systems [10-13].

Among various device architectures, the metal-insulator-metal
(MIM) capacitor-like structure has emerged as the preferred configura-
tion for implementing RS devices [14], surpassing alternative designs in
versatility [15]. This architecture excels not only in conventional

* Corresponding author.
E-mail address: jgramirez@uniandes.edu.co (J.G. Ramirez).

https://doi.org/10.1016/j.physo.2024.100249

chitecture is particularly advantageous for neural network imple-
mentations, as it facilitates efficient parallel processing and synaptic
weight storage within a compact form factor.

A fundamental challenge in the field lies in understanding the un-
derlying mechanisms of RS in oxide-based devices. Though researchers
have established that RS typically involves filament formation through
oxygen vacancy movement [19], the complex interplay among thermal,
ionic, and electronic effects during both unipolar and bipolar switching
demands further investigation. Particularly crucial is understanding the
relationship between vacancy migration and memory retention - the
device’s ability to maintain its resistance state over time. This retention
strongly depends on the ionic interactions at the oxide-electrode inter-
face [20], making the choice of electrode materials a critical design
consideration.
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While extensive research has examined elementary metallic elec-
trodes (Al, Pt, Au) with oxides like TiOx [16,21], the potential of
metallic oxides as electrodes remains largely unexplored. This gap is
significant because metallic oxide electrodes could provide an addi-
tional source of 072 ions for fine-tuning the RS effect. Furthermore, the
integration of functional oxides as active layers, particularly multi-
ferroic materials like BiFeO3 (BFO) [19,22], offers additional opportu-
nities for device optimization [1,27].

BFO has garnered significant attention due to its versatility in
multifunctional applications across photonics, electronics, spintronics,
and piezotronics [22]. In thin-film form, BFO exhibits complex con-
duction mechanisms that are not yet fully understood. Previous studies
have identified multiple concurrent mechanisms, including filament
paths [23,24], Schottky emission [24-26,28], Poole-Frenkel emission
[25,26], ohmic conduction [24,26], and space-charge-limited conduc-
tion (SCLC) [24,26,28,29]. The presence of these various mechanisms,
which can coexist or dominate under different conditions, makes it
challenging to optimize device performance. Devices utilizing BFO have
achieved resistance ratios of 102-103 [23,26,30-32], with SET and
RESET voltages ranging from 3.3 to 5 V [24,26] in various configura-
tions such as Au/BFO/X (X = Nb-doped SrTiO3 (NSTO), La; 4SryMnOs3
(LSMO), SrRuOs (SRO) [23], ITO [24] or Pt [25]). Notably, recent work
has demonstrated that BFO-based devices can achieve bipolar resistive
switching without requiring an initial forming process [33], suggesting
promising pathways for simplified device operation and improved
reliability.

A fundamental challenge lies in understanding how electrode ma-
terials influence these conduction mechanisms, particularly at the
interface between BFO and different electrode materials. This under-
standing is crucial as the electrode choice can determine whether the
device operates in bipolar [22,26] or unipolar [26,27] mode, ultimately
affecting the dominant conduction mechanism. While numerous studies
have investigated RS cycling between high resistance state (HRS) and
low resistance state (LRS) in devices like Au/BFO/X [20,21,28], a
comprehensive analysis of the relationship between electrode materials,
interface properties, and resulting conduction mechanisms remains
lacking.

In this work, we address these challenges by investigating DC
current-voltage characteristics to determine electronic conduction
mechanisms and RS effects in devices utilizing Ag and YBapaCu3Oy_q
(YBCO) as top electrodes with a BFO thin film active layer. We
demonstrate that while YBCO/BFO/YBCO devices with ohmic interfaces
exhibit minimal RS effects, the Ag/BFO/YBCO configuration shows
enhanced RS effects at the Ag/BFO interface through a combination of
ohmic, Poole-Frenkel, and Schottky electronic conduction mechanisms.
These results underscore the critical role of electrode material selection
in tuning RS performance and highlight the potential of Ag as a top
electrode for optimizing BFO-based RS devices.

2. Experimental

We fabricated a set of 4 samples with a capacitor-type structure,
employing BFO as the active layer, and YBCO (samples labeled A and A")
or Ag (samples labeled B and B’ as electrodes. The samples were
deposited onto (001)-oriented (LaAlO3)3(SraAlTaOg); (or LSAT) sub-
strates. Each pair of samples with the same configuration was fabricated
simultaneously. The bottom and top YBCO layers in samples A and A’
were fabricated using the DC sputtering technique with a stochiometric
YBCO target, under a 2.5 mbar oxygen atmosphere and a power density
of 4.07 W/m?2. The above parameters yielded YBCO films with a thick-
ness of 85 nm. The BFO layers were grown from a stochiometric target
using RF sputtering technique, under a 0.4 mbar oxygen pressure and a
fixed power density of 3.55 W/m?, resulting in films of 15 nm thickness.
For samples B and B’, the BFO/YBCO layers were deposited under the
same conditions. Finally, the Ag electrodes were grown in a separate
system via thermal evaporation technique, using an evaporation current
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of 98 A that allows a deposition rate of 4.5 nm/min until reaching a final
thickness of 85 nm.

A nano-scale exploration of the crystal structure and interface of the
multilayered systems was carried out by high-resolution transmission
electron microscopy (HRTEM) experiments on cross-sectional lamellae
fabricated by focused ion beam (FIB) technique. The HRTEM experi-
ments were performed in an image-corrected FEI Titan Cube 60-300
microscope, operated at 300 kV. The RS effect was investigated through
a combination of current-controlled and voltage-controlled I-V mea-
surements. The measurement protocol used was based on the procedure
reported by A. Cardona et al. [20]. Up to 30 HRS/LRS cycles were
performed, employing switching voltages between 0.25 and 5.0 V. The
HRS and LRS values were averaged, and their difference (AR) was
calculated. In addition, the retention time was determined by measuring
the time-evolution of the HRS and LRS states.

3. Results and discussion

We first examined the structural characteristics of our devices
through detailed microscopy analysis. Fig. 1(a) shows a HRTEM image
recorded in a small section of a cross-sectional FIB lamella of the Ag/
BFO/YBCO system. Here we see as the sputtering technique facilitated
an heteroepitaxial growth of the BFO/YBCO bilayer, resulting in a flat
and well-defined interface. However, the Ag electrode exhibited a
polycrystalline character, which is typical of microstructures produced
by thermal evaporation deposition. An electron diffraction analysis,
performed on each system by computing the Fast Fourier Transform
(FFT) in selected zones of the HRTEM images, revealed that the YBCO
and BFO layers grew with crystal structures corresponding to the P4/
mmm [34] and R3c [36] space group, respectively, on the (001)-oriented
LSAT substrate. Finally, direct measurements along the films showed
that the BFO and YBCO layers have thicknesses close to 15 nm and 85
nm, respectively, closely matching their nominal values.

The energy band diagram of the Ag/BFO/YBCO sample configura-
tions is illustrated in Fig. 2. It is shown that Ag, BFO and YBCO exhibit
work function (¢) value of 4.6 [37], 4.7 [38] and 6.1 eV [39], respec-
tively (see Fig. 2(a)). BFO also presents an electric affinity of 3.3 eV and
a bandgap of 2.8 eV [35]. The interface between BFO and the Ag top
electrode and YBCO forms a potential barrier that hinders electron
motion due to differences in their Fermi levels. Fig. 2(b) presents the
system in forward bias mode, where the Fermi level of BFO is higher
than that of Ag and YBCO. This causes upward bending of the valence
and conduction bands, characteristic of a Schottky junction. The po-
tential barrier at the BFO/YBCO interface is higher than that of Ag/BFO.
Conversely, in reverse bias mode (Fig. 2(c)), the Fermi level decrease,
and the junction at Ag/BFO interface becomes ohmic, allowing carriers
from Ag to spread into BFO. However, the potential barrier at the
BFO/YBCO interface remains high.

Current-controlled and voltage-controlled measurements are shown
in Fig. 3, where the current is plotted as density current (J), calculated
using the top-electrode area for each sample. The arrows indicate the
voltage path followed: 0 V-5V - 0V - —5V — 0 V. Two notable
observations emerge: (i) all four samples exhibit unipolar RS; (ii) dif-
ferences in symmetry in the RS behavior arise due to the top electrode
material. Thus, samples A and A’ (Fig. 3(a) and (b)) show symmetric
behavior, while samples B and B’ (Fig. 3(c) and (d)) present asymmetric
behavior. A rectifier-like behavior, more pronounced in samples B and
B’, is observed, which can be attributed to the asymmetric energy po-
tential barriers at the Ag/BFO and BFO/YBCO interfaces (See Fig. 2(b)
and (c)).

To identify the conduction mechanisms in the samples, we fit the J-V
curves employing different established models from the literature [29].
The positive voltage region of the J-V curves in Fig. 3 was used to this
analysis, with the fitting results shown in Fig. 4. Ohmic conduction [29]
was identified in sample A and A’ under positive bias (Fig. 4(a) and (b)),
indicating that thermally generated charge carriers within the film
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Fig. 1. a) Cross-sectional bright-field TEM image of an Ag/BFO/YBCO device
grown on LSAT. FFT diffraction patterns obtained from selected regions of the
(b) LSAT, (c) YBCO, (d) BFO and (e) Ag systems (highlighted by the dashed
rectangle). The diffraction patterns for YBCO and BFO were indexing assuming
crystal structures belonging to the P4/mmm and R3c space groups, respectively.

dominate conduction; the movement of oxygen anions from the ferro-
electric oxide towards the positively polarized electrode may occur,
resulting in a transition from the HRS to the LRS. When the potential
decrease, these oxygen ions are displaced from the interface, generating
the observed RS behavior [28].

In sample B and B’ (Fig. 4(c) and (d)) we found ohmic conduction,
Schottky emission conduction, and Poole-Frenkel emission conduction
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Fig. 2. a) Energy band diagram of Ag, BFO, and YBCO layers, indicating the
conduction band (CB) and the Fermi energy level (Eg). Energy band diagram of
the Ag/BFO/YBCO system under b) forward and c) reverse bias voltage.

mechanisms. While Schottky emission describes the interface between
the top electrode and the dielectric material (Ag/BFO), with its slope
corresponding to the barrier height required for charge conduction [29],
the presence of Ag as the top electrode introduces additional complexity
to the switching mechanism. At the Ag/BFO interface, electrochemical
redox reactions of Ag can occur under an applied voltage: Ag atoms can
oxidize to Ag" ions (Ag — Ag+ + e7) at the anode interface. These Ag™*
ions, being highly mobile, can migrate through the BFO layer under the
influence of the electric field, potentially following paths created by
oxygen vacancies or other defects. At the cathode interface, these ions
can be reduced back to metallic Ag (Ag"™ + e~ — Ag), contributing to the
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Fig. 3. J-V curves of the samples: a) A, b) A’, ¢) B and d) B’. The insert images represent the system configuration of each sample used during current-controlled and
voltage-controlled measurements. Arrows indicate the voltage sweeping sequence path followed by each sample.
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Fig. 4. V curves in a log-log representation for samples with YBCO top electrodes: a) A and b) A’, and samples with Ag top electrodes: ¢) B and d) B/, all measured

under positive bias.

formation of conductive filaments. This redox-based ion migration
mechanism operates alongside the Poole-Frenkel emission observed at
higher voltages, which describes conduction of thermally activated
charges through traps in the BFO.

The formation of Ag filaments through this oxidation-reduction
process can explain several observed phenomena in our devices. First,
the enhanced stability of the LRS state in Ag-electrode samples,
compared to YBCO samples, can be attributed to the metallic nature of
these filaments, which provide stable conductive paths. Second, the
remarkable AR values (746 % in sample B) may result from the effective
modulation of these Ag filaments —their formation leading to LRS and

their partial dissolution or rupture resulting in HRS. The presence of
both ionic (Ag") and electronic conduction mechanisms creates a
complex but more efficient switching process, where the Ag™ migration
complements the oxygen vacancy-mediated switching typically
observed in oxide-based devices.

At values close to 5V, where SCLC conduction mechanism pre-
dominates, following Child’s law [29,40], the high electric field likely
enhances both the Ag" ion migration and trap-filling processes in BFO
[26]. The transition to ohmic conduction in the LRS can be understood
as a combination of metallic Ag filament formation and the presence of
unfilled traps in the dielectric material, created during the progressive
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decrease in the potential difference across the system. This interpreta-
tion of multiple concurrent mechanisms —including electronic transport,
ionic migration, and electrochemical reactions— aligns with and extends
upon previous findings by Chen [27], and Luo et al. [26] in similar
asymmetric electrode configurations using BFO.

The cycles with voltage switching between 0.25 and 5.0 V are rep-
resented in Fig. 5. We averaged the HRS and LRS values and calculated
their difference as AR =100 x (HRS — LRS)/LRS. Fig. 5(a) shows AR as
a function of the voltage for sample A. Each data point was calculated
from Equation (1) and represents the average of 30 cycles at a specific
voltage. As shown in Fig. 5(a) and (b), the highest values of AR for the
samples A and A’ are observed in the voltage range between 2.0 V and
2.75 V. This behavior aligns with previous works [19], where the
ordering of ferroelectric domains at 90° occurs once the material is fully
polarized at 2.0 V. This voltage range can be described by a local electric
field increase in the BFO due to the ordering of its ferroelectric domains,
when the device is excited transversely. For the writing process, the
optimal voltage was found to be 2.25 V (Fig. 5(a)), with the reset voltage
having the same magnitude but inverse polarity. A reading current of
3.21 pA was selected as optimal for sample A, while a higher current of
90 pA was optimal for sample A’. These results indicate that AR values
for samples A and A’ were 42.1 and 32.5 %, respectively (Fig. 5(b)). In
contrast, for samples with Ag top electrode, a writing voltage of 0.25 V
and a reading current of 5 (sample B) and 26 nA (sample B) were
selected. In these sample, AR tended to remain constant as the applied
voltage increased. AR values for sample B and B’ were 746.6 and 140.5
%, respectively. Fig. 6 provides a summary of the optimal parameters
identified for each device.

We compared our findings with similar BFO-based devices reported
in the literature, as summarized in Table 1. The performance of our Ag/
BFO/YBCO device is comparable to or superior to previous studies in
terms of the HRS/LRS ratio and operating voltage range. Notably, while
most prior studies utilizing noble metal electrodes such as Au and Pt
demonstrate bipolar switching behavior, our asymmetric configuration
with Ag exhibits stable unipolar switching with a remarkably high AR of
746.6 %. This enhancement is attributed to the unique combination of
conduction mechanisms, particularly the contribution of Ag" ion
migration and filament formation, as discussed earlier.

In addition to determining the conduction mechanism, we monitored
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Fig. 6. Summary of the optimal operating parameters identified for the
four samples.

the evolution of HRS and LRS over time for samples A and B. Mea-
surements were performed using the previously selected parameters
(Fig. 6). Two distinct resistance states are observed in both samples;
however, in sample A, these states converge over time. We attribute this
behavior to the high mobility of oxygen vacancies between YBCO and
BFO layers. In the absence of a potential wall or Schottky barrier to
anchor these vacancies, their drift results in a stable state with equal
resistance values, causing a loss of the information stored in the device.
Understanding the time scales of this process is crucial, as it provides
insights into the diffusion rates of vacancies across the layers and their
interfaces.

The resistance evolution for sample A, shown in Fig. 7(a), was fitted
using a double-exponential decay function:

R(t)=Ro +A; exp(-t/t1) + Az exp(-t / T2),

where Ry, Aj, and A; are fitting parameters corresponding to the initial
resistance states, and 7 and 75 are the time constants representing fast
and slow relaxation processes for the HRS, respectively. The faster
relaxation time, t; = 1.7, is likely due to oxygen vacancy movement or
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Table 1
Comparison of resistive switching characteristics in BFO-based devices with different electrode configurations.
Device Structure RS Type Conduction Mechanisms HRS/LRS Ratio Operating Primary Features Reference
(AR) Voltage
Ag/BFO/YBCO Unipolar Ohmic, Schottky, Poole-Frenkel, 746.6 % 0.25-5.0V High stability, Ag filament This work
SCLC formation
YBCO/BFO/ Unipolar Ohmic 42.1 % 225V Oxygen vacancy dominated This work
YBCO
Au/BFO/NSTO Unipolar Filamentary 102-103 335V Domain switching [21]
Au/BFO/ITO Bipolar/ SCLC, Filamentary 102-103 35V Mixed conduction [26]
Unipolar
Au/BFO/Pt Unipolar Schottky, SCLC 102 335V Interface-controlled [27]
Au/BFO/SRO Bipolar Schottky emission 102-103 +4V Interface-limited conduction [22]
characteristics of sample B suggest a robust information storage capa-
s ' ' ! ' Slamp'le A i bility, consistent with previous reports by Wei [42] and Sun [43].
4,2x10" 7 = HRS 7 Similar unipolar switching behaviour with asymmetric metal and oxide
@— LRS ] electrodes has been reported in BFO by Liu [21]. Furthermore, our
3,9x10° Fit HRS a) findings align with Peng’s observations [40], where the long-term sta-
o Fit LRS bility of resistance states was attributed to filamentary conduction.
\G'J/ 3,5x10° - Therefore, we propose that the enhanced stability in our device B likely
3! ] results from the formation of stable filamentary Ag conduction paths.
& 3,1x10°1 . )
2 ] 4. Conclusions
o 5
@ 2,8x10° ] We have demonstrated resistive switching (RS) behavior in BFO-
| based devices with two distinct top electrode configurations: YBCO
2,5x10° 1 T and Ag. Our findings highlight the significant influence of the electrode
T ’ T T T T T material on both the conduction mechanisms and the resulting RS
0 1x10° ZX_103 3x10°  4x10°  5x10° characteristics. The Ag top electrode configuration outperforms YBCO
Time (s) due to the favorable potential barrier at the Ag/BFO interface, which
— . : : : : T . T . ,_ facilitates charge transport through optimized Fermi level alignment. All
+ | AR devices exhibit unipolar switching behavior, with interface effects
3,6x10° — = HRS l playing a dominant role in the switching mechanism. A particularly
. ] LRS notable observation is the rectifier-like behavior, which is more pro-
3,0x10° 4 7 nounced in devices with Ag top electrodes. The stability of the HRS and
c l Sample B LRS states strongly correlates with the choice of top electrode material,
o 2:4x10°4 b) 1 with Ag-based devices showing enhanced stability due to the formation
2 1 1 of robust conductive filaments within the BFO layer, ensuring reliable
g 1,8x10°* 1 1 retention of information over time. We identified an optimal operating
» 1 1 voltage of approximately 2.25 V across all devices, which corresponds to
&) 1,2x10% 4 - the polarization threshold of the BFO layer. Furthermore, the repro-
1 1 ducibility of the driving mechanisms observed in twin samples demon-
6,0x10% - 4 strates the reliability of our fabrication process. Most notably, the Ag top
] ] electrode device (sample B) achieved exceptional performance metrics,
6 1x 11 0*  2x ; 0 3XI1 0° 4X|1 0° 5x ; 0? including a remarkably high resistance ratio (AR = 746 %) and superior
Time (s) temporal stability of both HRS and LRS states. These results, combined

Fig. 7. Time performance of resistance state for samples: a) A and b) B.

electromigration [41] from the YBCO layer to the BFO. The slower
relaxation time, 7o = 27.0 min, is attributed to thermal activation pro-
cesses driven by Joule heating [40].

The analysis of the LRS using the same fitting procedure yielded for
71 = 1.5 min and 13 = 351 approximately. The comparable t; values
between HRS and LRS suggest similar rapid diffusion processes in both
states. However, the distinct 5 values indicate that Joule heating affects
vacancy dynamics differently in the YBCO top and bottom layers, likely
due to asymmetric heat dissipation caused by the LSAT substrate acting
as a thermal sink. Previous studies have linked such state instabilities to
interfacial depolarization effects [40].

In contrast, sample B exhibits superior stability, as shown in Fig. 7
(b), with both resistance states maintaining better separation compared
to sample A. This enhanced stability is attributed to the Ag top elec-
trode’s distinct properties, including its ionic size and the controlled
vacancy mobility at the Ag/BFO interface. The improved retention

with the low operating parameters (reading/writing power), position
the Ag/BFO/YBCO device as a promising candidate for next-generation
memory applications.
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