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ABSTRACT

This study explores the feasibility of precisely tuning the resistive switching behavior of Au/BiFeO3/Pt/Ti/SiO,/Si memristors through con-
trolled modulation of laser energy density during pulsed laser deposition (PLD). By systematically reducing the laser energy density within
the fabrication process, notable alterations in the properties of the BiFeO; (BFO) thin film are observed. As the laser energy density
decreases, the grain size in the BFO film and the thickness of the film decrease. Furthermore, we obtain the minute structural variations in
response to the diverse laser energy densities employed during the deposition process. Energy-dispersive x-ray spectroscopy analysis is
employed to investigate the distribution of Ti*" ions within the BFO thin film. The reduction in the grain size and film thickness, along
with the prominent nucleation of specifically oriented grains, and the diffusion of Ti*" ions, lead to the BFO memristor fabricated with a
lower laser energy density having more grain boundaries and a shortened conduction path (grain boundary) in the thickness direction.
Consequently, the enhanced movement of oxygen vacancies facilitates their preferential accumulation along the grain boundaries within the
BFO layer, resulting in an augmented on/off ratio, rectification factor, and set current in the devices. Overall, our findings explain the signif-
icant influence of laser energy density in PLD on the microstructure and electrical properties of BFO thin films. Particularly, the lower
energy densities are employed to improve electrical characteristics. This research not only enhances our fundamental understanding but also
provides valuable insights into optimizing BFO memristors for reliable, robust, and practical applications.
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I. INTRODUCTION switching memristors are crucial for neuromorphic computing and
artificial intelligence, where the ability to perform synaptic weight
updates is essential for emulating the brain’s cognitive processes.
Researchers have been exploring two main avenues to opti-
mize the performance of BFO memristors in practical applications.

Memristors have garnered significant attention in the field of
electronics due to their potential for revolutionizing memory
storage, neuromorphic computing, and logic circuitry.'™* Among
various memristive materials, bismuth ferrite (BFO) stands out as a

promising candidate for analog resistive switching’™* and for digital First, they are focused on improving integration and signal
resistive switching’™'” owing to its multiferroic nature that exhibits modulation strategies at the application level, including increasing
both ferroelectric and antiferromagnetic properties. Analog resistive crossbar density, signal frequency, and exploring multi-level bit
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generation.'”™'® Second, attention is directed toward material tech-
nology advancements, involving different electrodes, substrate
materials, additional layers, doping, and fabrication parameter
control."’~*" Notably, material technology advancements serve as
the fundamental catalyst for improving performance, underpinning
the overall functionality and potential of BFO memristors.

Pulsed laser deposition (PLD) stands as a prominent tech-
nique in the preparation of BFO memristors, making it a pivotal
focus within materials technology for enhancing memristor perfor-
mance.”” Several studies have aimed to enhance the performance of
memristors by systematically manipulating various parameters of
PLD, including laser energy density, laser frequency, oxygen pres-
sure, substrate temperature, and annealing conditions.” ™" These
studies have demonstrated the crucial influence of PLD parameters
on the morphology and electrical properties of BFO thin films,
highlighting the potential for optimizing these parameters to
achieve customized memristor performance. However, limited
research has been conducted specifically on the improvement of
BFO memristors using PLD techniques. Lamichhane et al.”’” report
on the influence of laser energy density on BFO-based memristor.
Significantly, our self-rectifying analog BFO memristor exhibits dis-
tinct characteristics compared to Lamichhane’s BFO memristor,
including unique electrode materials and mechanisms. However, it
is important to note that our self-rectifying BFO memristors are
known for their electroforming-free operation. This means that
these memristors do not require a separate forming step to initialize
the device. As a result, the impact of laser fluence on the BFO layer
in our memristor may vary considerably.

This study aims to investigate the influence of laser energy
density on the morphology and electrical properties of BFO memris-
tors. We report a comprehensive analysis, examining the effects of
varying laser energy density on key parameters such as maximum
set current, leakage current, resistance ratio, and rectification factor.
A deeper understanding of the relationship between laser energy
density and the resistive switching (RS) behavior of BFO memristors
can be obtained by systematically characterizing these properties.
Various characterization techniques are used to observe the changes
in surface morphology and internal structure to the effect of RS
behaviors. These changes, including the decrease in grain size and
film thickness, along with the nucleation of specifically oriented
grains and diffusion of Ti** ions, contribute to the presence of more
grain boundaries and shortened conduction paths in the BFO mem-
ristor with lower laser energy density. Consequently, this promotes
the enhanced movement of oxygen vacancies, leading to their prefer-
ential accumulation along the grain boundaries within the BFO
layer. These structural variations result in improved device perfor-
mance, manifested by an increased on/off ratio, rectification factor,
and set current in the memristor devices.

The results of this investigation contribute to the understand-
ing of how laser energy density influences RS behavior and high-
light the importance of tailoring memristor properties for specific
applications. By fine-tuning the laser energy density, it becomes
possible to achieve lower power consumption, improved energy
efficiency, enhanced reliability, and better rectifying behavior. The
optimization of BFO memristor characteristics through laser energy
density control opens up new avenues for the realization of high-
performance and energy-efficient electronics.

ARTICLE pubs.aip.org/aip/jap

This paper is structured as follows: Sec. II investigates the
method of BFO preparation and the equipment and parameters
used for BFO morphology measurements. Section III provides a
comprehensive analysis of the morphological and material struc-
tures of amnesic resistors fabricated under various laser energy
densities. It examines the underlying reasons and connections that
contribute to their diverse RS behavior. Additionally, the section
proposes an adaptive scheme for tailoring the RS behavior based
on specific application requirements through the utilization of dif-
ferent laser energy densities. Finally, Sec. IV discusses a compre-
hensive summary of our findings, including the morphological and
material structures of the memristors fabricated with different laser
energy densities and discusses potential avenues for future
improvements.

Il. EXPERIMENTAL SECTION

To fabricate the BFO-based memristors, we employ PLD to
deposit BFO thin films on a Pt/Ti bottom electrode (BE) with a
Si0,/Si substrate. The growth conditions for the BFO thin film
deposition are determined based on previous studies.” The fre-
quency of the laser pulses is set at 10 Hz, and the deposition pres-
sure is maintained at 1.3x102mbar. The deposition process is
carried out at a substrate temperature of 650 °C. Different laser
energy densities are utilized during the deposition process, specifi-
cally 2.1, 2.3, 2.5, and 2.6 J/cm®. DC magnetron sputtering through
a metal shadow mask is used to deposit the top electrode (TE) with
a circular structure. Sputtering is carried out with a power of
100 W at a pressure of 2.6 Pa with argon as the sputtering gas. The
resulting thickness of Au is approximately 180 nm, and the area of
the TE is maintained at approximately 4.52x 10*um*(120um
diameter). This electrode configuration ensures proper electrical
contact and allows for the desired electrical measurements and
characterization of the memristors.

Atomic force microscopy (AFM) is carried out using a
VistaScope system provided by Molecular Vista Inc., employing
gold-coated AFM tips from nanosensors (SD-NCHAu25-W) with
a resonance frequency of approximately 250 kHz. The AFM images
are captured in tapping mode at the second mechanical resonance
of the cantilevers, using a tapping amplitude of 1 nm and a set
point of 85 %. A second-order line-by-line mode in the scan direc-
tion is used to level the images. The root mean square (RMS)
roughness is determined using SurfaceWorks version 3.0 release; 30
and 5 images are taken for each memristor to ensure statistical rele-
vance. The arithmetic average and standard deviation of the RMS
roughness and grain size are computed. For the calculation of grain
sizes, a watershed algorithm is utilized in the Gwyddion software
version 2.60 after marking the structures.

The thicknesses of the BFO thin films are measured by scan-
ning electron microscopy (SEM, system FEI Helios NanoLab G3
UC). The structural characteristics of the BFO films are studied
using energy dispersive x-ray spectroscopy (EDX). The EDX
spectra are taken using a Silicon Drift Detector (SDD; 60 mm?)
XFlash 5130 from BRUKER Nano GmbH, Berlin, Germany. The
crystallinity of the films on quartz substrates is characterized by
grazing x-ray diffraction (giXRD, Panalytical X’Pert Pro) with
Cu-Koy,; (Kal: 0.154 06 nm) radiation.
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The resulting memristors are investigated at room temperature
on a stand for measuring the current-voltage (I-V) characteristics of
memristors using a Keithley 2400 two-channel generator/meter with
a two-probe positioning system in the applied voltage bipolar mode.

I1l. RESULTS AND DISCUSSION
A. Resistive switching mechanism

The I-V curve is measured by applying a triangular sweeping
bias with an amplitude of |V,,| =10V. Figure 1(a) illustrates
the switching directions of the I-V curve, which are as follows:
oV —-+V, - 0V — -V, — 0V. During the entire sweeping
process, a total of 101 voltage steps are taken at 0.1 V/step, and the
pulse width for each step is set at 100 ms. The I-V curve demon-
strates analog bipolar RS behavior in BFO memristors. By applying
a positive sweeping bias with an amplitude of +10V, the low resis-
tance state (LRS) can be achieved, while a negative sweeping bias
with an amplitude of —10V is used to achieve the high resistance
state (HRS). The resistance values in the LRS and HRS of the BFO
memristor are determined at a reading voltage of +2V and can be
recorded as Rpgs and Rpgs, respectively. The on/off ratio of the
BFO memristor can be calculated as Ryrs/Rygs-

During the pulsed laser deposition (PLD) process, the BFO
thin film is deposited in an atmosphere with an oxygen pressure
of 1.3 x 10" mbar, which leads to the generation of a considerable
quantity of defects in the BFO thin film. Consequently, numerous
randomly distributed oxygen vacancies exist in the BFO thin film,
rendering the BFO layer as an n-type semiconductor. The BFO
film forms two Schottky barriers when in contact with the Au TE
and Pt BE, which exist at the Au/BFO interface and the BFO/Pt
interface, respectively.

The RS mechanism of the BFO memristor can be attributed to
the movement of V, in the BFO thin film when applying the bias
with different polarities to the TE. When a large positive writing
bias is applied to the TE, V, are pushed toward the BE direction

® Oxygen vacancy

500 nm

500 nm =@

FIG. 1. (a) I~V curve of BFO memristor and schematic image of BFO memris-
tor switching mechanism. On the left and right side of /-V curve show the V;;
and corresponding equivalent circuits in HRS and LRS, with illustrations of drift
and diffusion currents. (bg EDX image of BFO memristor prepared at laser
energy density of 2.1 Jiem“, and (c) displays the Ti distribution.
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and accumulate in the BE region. The drifting of V, in the BFO
thin film is schematically demonstrated on the right side of the
I-V curve in Fig. 1(a). Due to the accumulated V, at the BFO/Pt
interface, the Schottky barrier is lowered.

The equivalent circuit on the right side of the I-V curve in
Fig. 1(a) shows one forward-biased diode (Drg) at the Au/BFO
interface while the BFO/Pt interface Schottky barrier is modeled as
a resistor (Rpg). Another resistor (R;) represents the bulk resistance
of the BFO thin film. Applying a large positive writing bias results
in the forward biasing of the diode (Drg), allowing a high current
to flow through the memristor stack, as depicted on the right side
of the I-V curve in Fig. 1(a). When a negative writing bias is
applied to the TE, the mobile donors V drift toward the TE,
leading to the formation of a Schottky barrier at the BFO/Pt inter-
face. The drifting of V; is schematically demonstrated on the left
side of the I-V curve in Fig. 1(a). In the high resistance state
(HRS), the equivalent circuit of the memristor can be represented
by a head-to-head diode configuration consisting of two diodes
(Drg and Dgg) connected in an anti-series arrangement. Regardless
of the polarity of the bias, the Schottky barrier at the BFO/Pt inter-
face (Dpg) or the Schottky barrier at the Au/BFO interface (Drg)
blocks the current flow through the memristor stack. The diode
behavior observed in the Au/BFO/Pt structure can be attributed to
the interplay of the individual Schottky contacts at the Au/BFO
and BFO/Pt interfaces within the memristor stack. The reduction
of the Schottky barrier at the BFO/Pt bottom interface leads to the
establishment of an Ohmic contact, while an increase in the
Schottky barrier at the Au/BFO top interface occurs due to the
accumulation of donors at the bottom interface. Upon application
of a positive reading bias, the diode D7z becomes forward biased,
resulting in the LRS of the MIM structures. Subsequent application
of a negative writing bias causes the mobile oxygen vacancy donors
to be released from the deep potential wells and drift toward the
top electrode. Consequently, the Schottky barrier at the BFO-Pt
bottom interface is reinstated, resetting the MIM structure to
the HRS.

B. Morphology

EDX analysis confirms the presence and diffusion of Ti within
the BFO layer. It should be pointed out that according to the
research of You ef al.,” in the BFO thin film, V. serve as mobile
donors, while Ti*" ions act as fixed donors near the BFO/Pt inter-
face. The EDX spectra in Figs. 1(b) and 1(c) clearly show the BFO
layer, Pt/Ti BE, and SiO,/Si substrate of the BFO memristor from
top to bottom, where Ti** ions are represented in red.

As depicted in Fig. 1(c), Ti*" ions have diffused into the BFO
film due to the BFO being deposited at a high temperature (sub-
strate temperature of 650 °C). The deposition process with ambient
heating provokes the substitutional incorporation of Ti donors into
the BFO lattice, resulting in a rectifying/non-rectifying contact with
a flexible barrier height near the BE region. Ti*" ions are used to
substitute some Fe ions in BFO due to the closed ionic radius of
Ti** and Fe>* (0.68 and 0.65 A, respectively).”

Figure 2(a) presents the I-V characteristics of BFO memris-
tors fabricated with varying laser energy densities: 2.1, 2.3, 2.5, and
2.6 J/cm®. These memristors are subjected to the same sweeping
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bias conditions, employing a triangular waveform with an ampli-
tude of |V,,| = 10 V. Notably, the I-V curves exhibit hysteresis,
and distinct variations are observed across different laser energy
densities.

The resistance ratios, obtained by calculating the ratio of resis-
tances in the sweeping bias from —10 to +10V to the resistances in
the sweeping bias from +10 to —10V, are illustrated in Fig. 2(b). A
discernible trend in the resistance ratio is observed in the positive
bias range for each laser energy density. Initially, an increase in resis-
tance ratio is observed, followed by a subsequent decrease.
Decreasing the laser energy density results in a significant improve-
ment in the resistance ratio within the positive bias range. At laser
energy densities of 2.1, 2.3, 2.5, and 2.6 J/cm?, the BFO memristors
exhibit maximum resistance ratios of 58, 46, 22, and 7, respectively,
at corresponding voltage values of 3.4, 4.1, 4.2, and 3.3 V. The on/off
ratios of the BFO memristor at +2V are 30, 13, 6, and 3 for laser
energy densities of 2.1, 2.3, 2.5, and 2.6 J/cm?, respectively.

The increased resistance ratio and on/off ratio observed at
lower laser energy densities can be attributed to a more significant
decrease in resistance during the sweeping bias from +10 to 0V
compared to the sweeping bias from 0 to +10 V. However, no sig-
nificant correlation between resistance and laser energy density is
observed within the negative bias range, likely due to the absence
of notable differences in resistance values between the sweeping
bias from 0 to —10 V and the sweeping bias from —10 to 0 V.

Figure 2(c) illustrates the thickness dependence with respect to
laser energy density, while the corresponding SEM images are pre-

ARTICLE pubs.aip.org/aip/jap

film.”>*” Consequently, the overall current flowing through the
BFO memristor may decrease due to the reduced thickness. This
can be attributed to the effect of a thinner BFO layer, which leads
to a larger effective electric field across the memristive stack when
the same external bias is applied.

Figure 3(a) presents images obtained from an atomic force
microscope (AFM) of deposited BFO thin films with varying laser
energy densities ranging from 2.1 to 2.6 J/cm’, scanned over a
surface area of 5 x 5um. The surface morphology of the BFO thin
film prepared at a laser energy density of 2.1J/cm?” is depicted in
Fig. 3(b), revealing an average grain size of approximately
2.5x 10°nm> As the laser energy density increases to 2.6 J/cm?,
the average grain size expands to 2.8x10° nm? Note the kinetic
energy of the particles ejected from the target increases with the
laser energy density in the PLD process, causing the particles to
accumulate and form larger crystalline structures upon reaching the
substrate, as has been demonstrated in other oxide semiconductor
materials.”>* !

The RMS roughness of the BFO films, as shown in Fig. 3(c),
remains relatively constant for laser energy densities of 2.1, 2.3, and
2.5J/cm?, with a noticeable increase observed only at a laser energy
density of 2.6 J/cm®. This observed increase in surface roughness at
a laser energy density of 2.6 J/cm® can be possibly attributed to the
larger grain size and increased aggregation of nanoparticles.

Figure 3(d) presents background-subtracted giXRD patterns
(26-scan with omega = 5°) for the corresponding memristors, con-
firming the successful formation of polycrystalline BFO thin films.
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sented in Fig. 2(d). Each SEM image showcases the BFO layer, The primary BFO peaks are identified based on their Miller
Pt/Ti BE, and SiO,/Si substrate. A noticeable trend in the thickness indices, including (0 1 2), (104), (006), (02 4),(116), (01 8),
of the BFO thin film is observed as the laser energy density and (2 1 4) (ICSD reference card, collection code 417 304). As
decreases [Fig. 2(c)]. This can be attributed to the reduced size of depicted in Fig. 3(d), increasing the laser energy density results in a
ablated BFO grains and fewer particulates deposited on the decrease in the intensity of the diffraction peaks (0 1 2) and (0 2 4),
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FIG. 2. Electrical and structural properties of BFO memristor and thin films prepared at different laser energy densities. (a) /-V characteristics of BFO memristor under
various laser energy densities. (b) Resistance ratio of BFO memristor fabricated under various laser energy densities. (c) Thickness of BFO thin films as a function of
laser energy density. (d) SEM images of BFO thin films prepared at different laser energy densities: 2.1, 2.3, 2.5, and 2.6 Jicm?.
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whereas the other orientations have similar intensities for the used
laser fluences. A plausible conjecture emerges regarding a potential
correlation between these (0 1 2) crystallites and the movement of
oxygen vacancies within the memristor cell. Higher intensities of
(0 1 2) crystal orientations might correspond to the enhanced
movement of oxygen vacancies, consequently yielding lower resis-
tance in the memristor. The underlying mechanism for this phe-
nomenon remains unclear. The mobility of oxygen vacancies may
be influenced by the number and/or size of these crystallites and/or
their grain boundaries. Further investigation is warranted to eluci-
date the intricate dynamics underlying this observed behavior.

C. Electrical properties

The electrical properties of the BFO memristor are investigated
under different laser energy densities, including the set current
(Imax+), leakage current (I,q—), resistance ratio, and rectification
factor. Figure 2(a) presents the observed variations in the -V behav-
iors of a single cell for different laser energy densities, and the inves-
tigation is extended by analyzing the I-V behavior of 50 individual
cells for each laser energy density in Fig. 4. The maximum amplitude
of the applied voltage is |V,,,| = 10V for all measurements.

In Figs. 4(a) and 4(b), the average set current (Ija+) and
leakage current (I,,,c—) obtained from 50 cells for each laser energy
density are presented. It is observed that as the laser energy density
decreases, the set current (Iuqy) significantly increases. In contrast,
the leakage current (I,q.c—) shows a slight increase. The conduction

mechanism model of the memristor suggests that ion dynamics
modify electron transport across the active electrode/oxide inter-
face. Although the model does not explain resistive switching
dynamics, it is clear that ion dynamics and electronic conduction
are closely related.”” In a BFO memristor, electronic conduction
primarily relies on the migration of oxygen vacancies, significantly
impacting the material’s electrical behavior. The movement of
oxygen vacancies, which predominantly occurs along the grain
boundaries, influences the electronic conduction behavior. It has
been shown that in the presence of metallic electrodes, the move-
ment of oxygen from the grain boundary (GB) to the electrodes is
energetically favored, leaving the GB oxygen-poor. The formation
energies of the metal atoms located at the interstitial positions of
the GB are also negative with respect to their metallic phase, favor-
ing their migration from the electrodes or metal-rich clusters to the
GBs. In addition, the accumulation of metal atoms in the GB may
make it metallic, providing conduction paths between the elec-
trodes. Therefore, the GB facilitates both the formation of oxygen
vacancies and the incorporation of reactive metals in the oxide.”
The shorter conduction path (grain boundary) in the thickness
direction leads to an increased set current (I,..+) as the laser
energy density decreases.

The resistance changes in the Au/BFO/Pt structure can be pri-
marily attributed to the movement of oxygen vacancies at the inter-
face. For films prepared with a laser energy density of 2.1 J/cm?, the
oxygen vacancies are assumed to possess increased movement
velocity and tend to accumulate more readily along the grain
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FIG. 4. Electrical properties of BFO memristor fabricated under various laser energy densities. (a) illustrates the set and reset (leakage) currents at +-10 and —10'V, respec-
tively, presenting the averaged results obtained from 50 cells. (b) shows LRS current at +2V, HRS current at —2V, and HRS current at -2V are presented as the average
results obtained from 50 cells. (c) resistance ratio at +2 V/, resistance ratio at +4 V, and rectification factor are presented as the average results obtained from 50 cells.

boundaries within the BFO layer during the set or reset process.
One possibility is a change in film density, which affects the mobil-
ity of V. Another possibility is the field acceleration of the trans-
port due to the thinner film at 2.1 J/cm®. Consequently, there is an
increased likelihood for the vacancies to migrate and concentrate
between the top and bottom interfaces of the memristor, resulting
in a more significant change in current during the RS process.
Note that the higher defect concentration and the conductive
region near the grain boundaries, due to the higher concentration
of Ti** ions at the BE region, may contribute to changes in the
conduction regime and resistance.

In practical applications, it is desirable to minimize the set
current (Iq+) and leakage current (I,.—) while maintaining a
high on/off ratio to reduce energy consumption and improve
energy efficiency. Figure 4(b) presents the current values obtained
from sweeping biases of +10 to 0, 0 to —10, and 0 to +10V at a
sweep bias of +2 and —2 V. As the laser energy density decreases,
the current value at 42V from the sweeping bias of 410 to 0V
decreases, while the current values at +2 V from the sweeping bias
of 0 to —10V and the current value at +2V from the sweeping
bias of 0 to +10V tend to fluctuate.

The resistance ratio, calculated in the same manner as for the
single cell, reflects the average results from 50 cells. In Fig. 4(b), the
black curves show the relationship between laser energy density
and resistance ratio. It can be observed that as the laser energy
density decreases, the resistance ratio significantly increases. At
+2V, the resistance ratio increases from 3 to 23, while at +4V, it
increases from 11 to 72. The rectification factor is defined as the
relative enhancement of the current at +2 V in the sweeping bias
from +10 to 0V (forward-biased) compared to the current at
+2V in the sweeping bias from 0 to —10V (reverse-biased). The
red curve in Fig. 4(b) represents the variation of the rectification
factor, which shows an increasing trend from 2 to 7 as the laser
energy density decreases. A higher rectification factor and resis-
tance ratio provide a better rectifying effect and reduce the occur-
rence of sneak path parasitic effects in passive crossbar arrays.

Overall, the electrical properties of the BFO memristor,
including the set current, leakage current, resistance ratio, and rec-
tification factor, are influenced by the laser energy density.
Decreasing the laser energy density results in an increase in the set

current and resistance ratio, while the leakage current slightly
increases. These variations can be attributed to the role of grain
boundaries, oxygen vacancies and the formation of conductive
paths. Minimizing the set current and leakage current while main-
taining a high resistance ratio and rectification factor is beneficial
for reducing energy consumption and improving the efficiency of
BFO memristor devices.

D. Discussion

Our comprehensive investigation of the morphology and elec-
trical properties of the BFO memristor under different laser energy
densities provides valuable insights into the RS behavior.
Optimizing various memristor properties is possible by controlling
the laser energy density during fabrication. It is important to note
that different applications have specific requirements for BFO
memristor properties. For non-volatile memory applications, high
switching ratios and large resistance ratios are desired to ensure
precise signal control. Artificial synapses benefit from minimized
power consumption, making lower set currents and leakage cur-
rents desirable. Logic circuits, on the other hand, benefit from
higher rectification factors for efficient signal processing.

By optimizing the set current, leakage current, resistance ratio,
and rectification factor, the overall performance of BFO memristors
can be enhanced, meeting the specific needs of different applica-
tions such as non-volatile memory, artificial synapses, and logic cir-
cuits. Increasing the laser energy density results in a smaller set
current (applied at +10V), leading to lower power consumption
and improved energy efficiency. This reduction in set current is
beneficial for applications where energy saving is a priority.

Additionally, increasing the laser energy density decreases
leakage current (measured at —10 V), effectively suppressing sneak
paths and enhancing the accuracy of analog memory operations. By
reducing leakage current, the memristor exhibits more reliable and
precise RS behavior. Decreasing the laser energy density results in a
larger on/off ratio, which enables better differentiation between dif-
ferent resistance levels. This larger on/off ratio enhances the func-
tionality of the memristor by allowing for more distinct and
reliable resistance states. Furthermore, decreasing the laser energy
density results in a higher rectification factor, indicating improved
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rectifying behavior. This is particularly important for applications
such as logic circuits, where efficient signal processing and logic
operations rely on a high rectification factor.

It should be noted that this study does not cover discussions
on C2C (Chip-to-Chip) and D2D (Device-to-Device) communica-
tion, endurance, and retention in BFO memristor applications.
Further investigation and analysis may be necessary to fully under-
stand the implications of these aspects.

Apart from laser energy density, there are several parameters
during the process of pulsed laser deposition that can be adjusted
to improve the performance of BFO, with temperature and pressure
being particularly significant. Substrate temperature and oxygen
pressure are vital parameters in PLD, each affecting the nucleation,
growth kinetics, and crystallinity of deposited films. For instance,
variations in substrate temperature during deposition can signifi-
cantly impact the film’s microstructure and crystalline phase for-
mation. Similarly, adjusting deposition pressure alters the
nucleation density and surface morphology of the films, conse-
quently influencing their electrical and magnetic properties. In a
study by Jiang et al,”* varying the surface morphology of the BFO
thin film is sensitive to substrate temperature and oxygen pressure
rather than laser energy density. When the substrate temperature
deviates within a narrow range, either excessively high or low, it
invariably leads to elevated RMS roughness due to the formation of
parasitic phases such as Bi,O; or Fe;O;. The presence of these
impurities significantly impacts the RS behavior of the BFO mem-
ristor. Similarly, variations in oxygen pressure within a narrow
range also exert a predominant influence on the surface morphol-
ogy of the BFO film, consequently affecting the RS behavior of the
memristor. This comparison underscores the overarching signifi-
cance of laser energy density in shaping the properties of the BFO
film, surpassing the effects of temperature and oxygen pressure
adjustments. Notably, based on our study laser energy density
offers precise control over RS behavior while concurrently mitigat-
ing RMS, thereby underscoring its advantage in this context.

IV. CONCLUSION

In this study, we report an investigation on the RS behavior of
BFO memristors fabricated using PLD, focusing on the influence of
laser energy density. By systematically varying the laser energy
density within the range of 2.1-2.6 J/cm?, we can achieve controlled
tuning of various RS properties of the memristors. Specifically, we
analyze and observe changes in the set current, leakage current,
resistive ratio, and rectification factor in response to the different
laser energy densities employed.

To obtain a comprehensive understanding of the memristor
characteristics, a variety of characterization techniques are
employed, allowing for a detailed examination of the microstruc-
ture of the BFO thin films. The morphology of the BFO films is
analyzed using AFM, providing insights into the grain size and
surface roughness. SEM is employed to investigate the thickness of
the BFO thin film. It reveals a decrease in thickness as the laser
energy density decreases. To analyze the distribution of Ti*" ions
within the BFO thin film, EDX is performed. EDX provides
insights into the elemental composition and distribution of Ti*"
ions within the BFO thin film. Furthermore, giXRD measurements

ARTICLE pubs.aip.org/aip/jap

are conducted to confirm the successful formation of polycrystal-
line BFO thin films. The electrical properties are evaluated through
current-voltage measurements, enabling the determination of
parameters such as set current, leakage current, resistance ratio,
and rectification factor.

The findings reveal a significant correlation between the laser
energy density and the film’s microstructure. Specifically, the thin
film with a lower energy density has more grain boundaries and
shortened conduction paths in the film thickness direction. This
results in improved electrical properties, particularly higher on/off
ratios. It is important to note that additional research is necessary
to investigate other factors that can enhance the performance of
BFO memristors. This includes exploring different TE materials,
doping of the BFO thin film, and other parameters related to the
PLD process. By considering these additional factors, we can
further enhance the characteristics of BFO memristors and advance
their potential for various applications.
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