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A B S T R A C T   

Integrating two-dimensional (2D) semiconducting materials into memristor structures has paved 
the way for emerging 2D materials to be employed in a vast field of memory applications. Bis
muth oxyselenide (Bi2O2Se), a 2D material with high electron mobility, has attracted significant 
research interest owing to its great potential in various fields of advanced applications. Here, we 
explore the out-of-plane intrinsic switching behavior of few-layered Bi2O2Se via a cross point 
device for application in conductive bridge random access memory (CBRAM) and artificial syn
apses for neuromorphic computing. Via state-of-the-art methods, CVD-grown Bi2O2Se nanoplate 
is applied as a switching material (SM) in an Al/Cu/Bi2O2Se/Pd CBRAM structure. The device 
exhibits ~90 consecutive DC cycles with a tight distribution of the SET/RESET voltages under a 
compliance current (CC) of 1 mA, a retention of over 10 ks, and multilevel switching charac
teristics showing four distinct states at Vread values of 0.1, 0.2, 0.25, and 0.3 V. Moreover, an 
artificial synapse is realized with potentiation and depression by modulating the conductance. 
The switching mechanism is explained via Cu migration through Bi2O2Se based on HRTEM 
analysis. The present structure shows potential for future integrated memory applications.   

1. Introduction 

In parallel with the Internet of Things (IoT) and artificial intelligence (AI), devices with a high storage capacity for ease of storage, 
computing, and transmission are becoming more crucial to deal with the excessive information [1]. The traditional von Neumann 
architecture based on physically separated memory and processors adds challenges for the processing speed and energy-efficient data 
transfer due to bottleneck. Among various technological developments, complementary metal–oxide–semiconductor (CMOS) tech
nology is widely accepted because of its merits, including being favorable in the semiconductor industry in terms of design and 
fabrication within scaling limits following Moore’s law [2]. The scaling restriction with CMOS technology has revolutionized various 
emerging memory techniques during the last couple of decades. Foremost are magnetic random access memory (MRAM), phase change 
memory (PCM), ferroelectric random access memory (FERAM), and resistive random access memory (RRAM) [3,4]. Among them, 
RRAM is well considered to be the most capable for future data storage technology because of its merits of smaller storage cells, a 
higher storage density, and faster speeds in write and read processes [5–9]. 

The fundamental configuration of RRAM is based on a metal–insulator–metal (MIM) structure with a top electrode (TE) and a 
bottom electrode (BE) separated by at least one dielectric layer or a switching material (SM) [10]. The key parameters (reported with 
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critical values) for RRAM are as follows: (1) resistance ratio: ratio of the resistances in the HRS and LRS, 109; (2) endurance: maximum 
number of recoverable cycles between the HRS and LRS, 1012; (3) retention: time duration for data storage, 10 years; (4) operating 
voltage: minimum voltage required to alter the resistance states from the LRS to the HRS or from the HRS to the LRS; and (5) switching 
speed: write voltage pulse width, 10 ns [11–13]. The switching behavior of RRAM devices has been extensively studied, with their 
further classification into two major categories, namely, valence change memristors (VCMs) and electrochemical metallization 
memristors (ECMs). The switching mechanism in VCMs critically depends on ion vacancies or oxygen vacancies in the SM. Although 
VCMs are fascinating for their well-suited process and steady switching characteristics, they face challenges of a lower dynamic range, 
a higher off current (excess power feeding), and uncontrolled ion movement. Conductive-bridge random access memories (CBRAMs), 
also known as ECMs, employ switching behavior based on the formation of conductive filaments between the TE and BE via the redox 
reaction of the metal. Overcoming the demerits of VCMs, CBRAMs are widely considered to have a higher dynamic range, a lower off 
current (higher on-off ratio), a higher switching speed, and upgraded scalability [14–16]. CBRAM, in its primitive structure, comprises 
a specific switching material (SM) sandwiched between an electrochemically active metal electrode (Cu, Ag) and an electrochemically 
inert metal electrode (W, Pt, TiN) [17]. For the switching materials in CBRAM, different classes of materials have been explored, 
including chalcogenide glasses [18], oxides [19], polymers [20], g-C3N4 and its nanocomposites [21,22]. All these existing SMs have 
scalability challenges. 

Two-dimensional materials (2DMs), such as MoS2 [23,24], h-BN [25], black phosphorus [26], and MXene [27], have been 
investigated as SMs and electrodes for CBRAM applications. Because of the layered structure containing atomically thin layers, 2DMs 
facilitate low voltage operation and stable resistive switching characteristics. Since the implementation of 2DMs in CBRAM results in 
an improvement in performance, exploring new 2DMs for CBRAM remains an open and important research area for realizing CBRAM 
with optimum performance. 

Recently, the atomically thin ternary 2DM bismuth oxyselenide (Bi2O2Se), with a suitable bandgap, has received much attention 
due to its quasi-2D structure, high electron mobility, and robust air stability [28–30]. Bi2O2Se presents a highly symmetric atomic 
structure with a tetragonal lattice (I4/mmm; a = b = 3.88 Å, c = 12.16 Å) where eight Bi atoms compose a cube with a Se atom at the 
body center and with uniform alignment of [Bi2O2]n

2n + layers along the c axis. With a key difference from van der Waals layered 2DMs, 
Bi2O2Se is recognized as an ionic layered material formed via cation, [Bi2O2]n

2n+, and anion, [Se]n
2n− , stacked layers through weak 

electrostatic interactions. However, similar to other 2DMs, Bi2O2Se shows characteristics of layer-number dependent bandgap and 
optical absorption [31]. Bi2O2Se has a low electron effective mass of ~0.14m0, which is lower than that of silicon (~0.26m0) and MoS2 
(~0.4m0), revealing a high electron mobility suitable for electronic and optoelectronic applications [32–34]. Wu et al. reported that 
the electron Hall mobility of a nonencapsulated Bi2O2Se flake (~20.9 nm) was measured to be 28,900 and 150 cm2 V− 1 s− 1 at 1.9 K and 
room temperature, respectively [28]. The synthesis of Bi2O2Se is one of the key interests of this research. Different approaches have 
been reported for the synthesis of Bi2O2Se, including hydrothermal [35,36], solution-assisted [37], composite-molten-salt (CMS) [38], 
and vapor deposition processes [28,31]. Wu et al. demonstrated the synthesis of 2D Bi2O2Se single crystals (grain size ~ 200 μm, 
thickness down to monolayer ~ 0.61 nm) on mica substrates via coevaporation of Bi2O3 and Bi2Se3 powders as precursors by the 
chemical vapor deposition (CVD) method. In the CVD approach for the synthesis of Bi2O2Se, a mica substrate is widely used because 
the strong Coulomb interaction between mica and Bi2O2Se facilitates the lateral growth of Bi2O2Se for large-scale 2D Bi2O2Se sheets 
[31]. Recently, Khan et al. reported the synthesis of a 2D Bi2O2Se single crystal with a grain size on the order of millimeters and 
thickness down to a monolayer by an ambient-pressure vapor–solid (VS) deposition approach [39]. The unique structural and physical 
properties of Bi2O2Se have been further proven by implementation in devices for novel applications such as thin film transistors [40, 
41], photodetectors [42,43], artificial synapses [44,45], multifunctional optoelectronics [46], and optical switches [47]. Recently, 
Bi2O2Se has been employed in memristor structures [44]. As an example, Liu et al. demonstrated a Bi2O2Se-based memristor (three 
terminals) via the application of Bi2O2Se nanoplates as the bottom electrode (BE). With aid of the similar structure, the function of the 
“NAND” gate was realized by tuning the electric field polarity of Bi2O2Se through a metal contact (Pd) [48]. In another study, Chen 
et al. demonstrated out-of-plane resistive switching of thick Bi2O2Se flakes by forming hillocks via the application of a vertical electric 
field [49]. Recently, Liu et al. extended the application of the Bi2O2Se-based memristor (three terminal) structure to security appli
cations by employing the device as a true random number generator [50]. Moreover, Lai et al. reported advanced impacts of nano
technology, including recent Bi2O2Se-based miscellaneous reports [51]. Although many reports have demonstrated significant efforts 
for the application of Bi2O2Se in memristors, the implementation of Bi2O2Se as a true SM in memristors remains elusive. 

Motivated by recent reports on the application of Bi2O2Se in memristor devices, here, we explore the inherent intrinsic switching 
property of Bi2O2Se by implementing it as an SM in the CBRAM structure Al/Cu/Bi2O2Se(SM)/Pd/SiO2/Si. The fabricated device 
exhibits basic switching characteristics at low voltage levels <1.5 V, including endurance (~90 cycles), cumulative probability (~99 
%), and retention @ Vread of 0.1 V for over 10 ks. With the aid of distinct Vread values of 0.1 V, 0.2 V, 0.25 V and 0.3 V, multilevel 
switching characteristics are realized. Moreover, artificial synapses are realized by means of potentiation (35 states) and depression 
(41 states). The switching mechanism is proposed to occur via migration of Cu ions through SM Bi2O2Se based on HRTEM analysis. 
Therefore, the presented results show sufficient potential for Bi2O2Se-based CBRAM for future advanced memory applications 
enriched with artificial neuromorphic activities. 

2. Experimental section 

2.1. Synthesis of Bi2O2Se nanoplates on a mica substrate 

Two-dimensional highly crystalline single-grain Bi2O2Se nanoplates were first synthesized by using the low-pressure chemical 
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vapor deposition (LPCVD) technique [45]. Bismuth oxide (Bi2O3) and bismuth selenide (Bi2Se3) were used as the precursors placed 
upstream of the tube. Mica was used as the substrate since it supports uniform lateral growth of Bi2O2Se nanoplates due to the strong 
interaction between mica and Bi2O2Se [45]. The substrate was placed downstream of the tube. Ar (200 sccm) was used as the carrier 
gas under emblematic growth conditions of 700 ◦C for 40 min with a tube pressure of 100 Torr. 

2.2. Material characterization 

The Raman spectrum for Bi2O2Se was measured via a 532 nm laser with a 100x objective lens (UniDRON, CI Technology). Atomic 
force microscopy (AFM B067, Bruker Corp.) was carried out to determine the thickness of the developed Bi2O2Se nanoplates. A mi
croscope system (OLYMPUS BX53 M) was used to obtain OM images of the fabricated Bi2O2Se-based device. The elemental compo
sition was confirmed by X-ray photoelectron spectroscopy (XPS) survey (ULVAC-PHI, INC) analysis. 

2.3. Device fabrication 

As-synthesized Bi2O2Se nanoplates were transferred from the mica substrate onto a palladium (Pd) electrode via PMMA, water, and 
OM assisted method (details in S1 and S2). This Pd electrode was the bottom electrode (BE) for Bi2O2Se-based CBRAM. The pattern for 
the top electrode (TE) was made by an LED lithography system by defining the Bi2O2Se area to be sandwiched as the switching material 
(SM) between the TE and BE. For TE, Al/Cu metals (60 nm/40 nm) were deposited by a thermal evaporator. Liftoff yielded the two- 
terminal cross point Bi2O2Se-based CBRAM structure. 

2.4. Measurements 

For electrical measurements of the CBRAM device, B1500A semiconductor device analyzer was used. All measurements were 
completed in a closed environment at room temperature. 

3. Results & discussion 

Fig. 1a shows a schematic diagram of the layered crystal structure of Bi2O2Se with integral elements “Bi”, “O”, and “Se” in 
distinguishable colors green, red, and blue, respectively. The schematic integrates four layers of cation [Bi2O2]n

2n+, and anion [Se]n
2n− , 

interacting electrostatically in concept [31]. Fig. 1b shows an atomic force microscopy (AFM) image of an as-grown Bi2O2Se nanoplate 
on a mica substrate. The thickness of the selected Bi2O2Se nanoplate is observed to be ~25 nm (~42 layers: monolayer thickness =

Fig. 1. Material characterization of a synthesized Bi2O2Se nanoplate. (a) Schematic view of the layered structure composed of the constituent atoms 
“Bi” (green), “O” (red), and “Se” (blue). (b) AFM image of a Bi2O2Se single nanoplate of thickness ~ 25 nm. (c) Raman signal for Bi2O2Se transferred 
onto a Si substrate presenting main peak A1g at 162 cm− 1. XPS spectrum of the Bi2O2Se nanoplate (d). The peaks for Bi are located at 163.2 eV and 
157.9 eV, corresponding to the binding energies of Bi 4f5/2 and Bi 4f7/2, respectively. (e) The peak for O1s is located at 529.9 eV, representing 
oxygen associated with the crystal lattice. (f) XPS spectrum of Se showing two peaks at 54.2 eV and 53.3 eV, relating to the binding energies of Se 
3d3/2 and Se 3d5/2, respectively. 
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0.608 nm) [31], with lateral dimensions of ~40 μm on all sides showing a square shape. The dimensions of the Bi2O2Se nanoplate are 
found to be sufficient for its implementation in the device. Fig. 1c shows the Raman analysis of the transferred Bi2O2Se nanoplate. The 
distinctive peak A1g appears at 162 cm− 1, evidencing the successful synthesis and transfer process (the detailed transfer process is 
given in the experimental section). The Raman signal also contains other characteristic peaks at ~95, 355, and 520 cm− 1 corre
sponding to E1

g (for α-Bi2O3), B1g (for out-of-plane vibrations of “O” atoms), and Si (substrate), respectively [30]. X-ray photoelectron 
spectroscopy (XPS) was performed to analyze the chemical bonding states of the constituent elements of Bi2O2Se, as shown in 
Fig. 1d-e-f. As observed, the peaks for Bi are located at approximately 163.2 eV and 157.9 eV, relating to the binding energies of Bi 4f5/2 
and Bi 4f7/2, respectively. The peak for O1s is observed at 529.9 eV, corresponding to the oxygen associated with the crystal lattice. The 
dual-peak resolved spectrum of Se shows peaks at 54.2 eV and 53.3 eV, relating to the binding energies of Se 3d3/2 and Se 3d5/2, 
respectively. The XPS analysis confirms the synthesized Bi2O2Se nanoplates are in adequate elemental quality. 

3.1. Resistive switching characteristics 

The fabricated Bi2O2Se-based CBRAM device was first utilized to demonstrate basic bipolar resistive switching characteristics. 
Fig. 2a presents the first DC sweep cycle (as measured) with a compliance current (CC) of 1 mA. For the first cycle, the device attains 
the CC at a sweep voltage of 1.3 V, showing a forming voltage (Vform) of 1.3 V (formation of conductive path between TE and BE 
through SM), and the RESET voltage for the first cycle is − 1 V (rupturing of conductive path formed between TE and BE). 

The direction of the current with respect to the sweep voltage is indicated by the arrow. 
Fig. 2b presents 90 consecutive DC sweep I–V cycles. The SET voltage (Vset) distribution is from 0.6 to 0.8 V (excluding the first 

cycle), and the RESET voltage (Vreset) distribution is from − 0.4 to − 1.4 V. In addition, the voltage values for the SET and RESET 
conditions are presented via the cumulative probability distribution shown in Fig. S3. The plot displays more variation in Vreset than in 
Vset. Furthermore, a statistical analysis of the switching voltages under the SET and RESET conditions was performed. 

The calculated numerical values of the mean, standard deviation, and coefficient of variation (%) are 0.66, 0.09 and 14 for Vset and 
0.61, 0.26, and 43 for Vreset (mode), respectively, as presented in Table-ST1. 

The endurance plot of DC cycles for the HRS (red color)/LRS (green color) @ Vread ~ 0.1 V shows in spite of significant variation in 
HRS values, the separation between the HRS and LRS is higher than 10 (Fig. 2c). We believe that the possible reason for lower HRS/LRS 
ratio is because of conductive nature of Bi2O2Se which needs further study for more exploration. The cycle-to-cycle cumulative 
probability for the HRS and LRS is presented in Fig. 2d which further confirms that HRS and LRS values are separated by least value 10. 
Next, the device was measured for the retention characteristics. Fig. 2e shows retention in the HRS and LRS measured at Vread ~0.1 V 
with slight deterioration in HRS, and the differentiation between the two states is significantly maintained for over 10 ks. For the HRS, 
the resistance values at 1 s and 10 ks are measured to be ~14.15 kΏ and ~13.18 kΏ, respectively, while for the LRS, the resistance 

Fig. 2. Switching characteristics of Bi2O2Se-based CBRAM. (a) Voltage sweep for the first cycle (set ~ 1.3 V, reset ~ − 1 V) as measured with a CC of 
1 mA. (b) I–V curves for 90 DC sweep cycles @ a CC of 1 mA. (c) Endurance plot for the HRS/LRS @ a Vread of 0.1 V. (d) Cumulative distribution of 
the HRS/LRS in DC sweep cycles. (e) Retention characteristics of switching in the HRS/LRS for 10 ks with a multilevel switching property (observed 
in the LRS) showing four different switching levels at Vread values of 0.1 V, 0.2 V, 0.25 V and 0.3 V. (f) P/E endurance characteristics with an 
applied pulse width of 100 ns. 
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values at 1 s and 10 ks are measured to be ~706 Ώ and ~718 Ώ, respectively, with both states HRS/LRS showing ratio RHRS/RLRS >10. 
To explore multilevel switching characteristics, different values of Vread were applied to the device in the LRS. Four distinct switching 
levels are observed by applying Vread = 0.1, 0.2, 0.25, and 0.3 V, as depicted in Fig. 2e. At time t = 1 s, the LRS levels for Vread = 0.1, 
0.2, 0.25, and 0.3 V are measured to be 706, 245, 145, and 97 Ώ, respectively, while at t = 10 ks, the LRS levels for Vread = 0.1, 0.2, 
0.25, and 0.3 V are measured to be 718, 245, 147, and 102 Ώ, respectively. The four different switching states are quite stable and 
separated from each other through a time span of 10 ks, proving the device capability to exhibit multilevel resistive switching 
characteristics. Fig. 2f represents a quite consistent P/E endurance of 3.6 K cycles under voltage pulse (1 V/− 0.8 V) application with a 
pulse width of 100 ns. 

3.2. Current conduction mechanism 

To deeply understand the current conduction mechanism of the Bi2O2Se-based CBRAM device, the 7th I–V characteristic curve (out 
of the 90 presented in Fig. 2b) was randomly selected, which showed HRS and LRS regions, as presented in Fig. 3a. Fig. 3b presents a 
replot (generated by taking 10 points from 2 to 11 as measured data) of the HRS current under a positive bias in ln(J/T2) versus √E 
form (where J is the current density. 

T is the absolute temperature, and E is the electric field), which shows that the HRS includes Schottky conduction. To determine the 
dynamic dielectric constant (Ԑsch) and Schottky barrier height (φB), the following equations were used [52]. 

Slope=

(

√
q3

4πεoεsch(kBT)2

)

(1)  

Intercept=
q∅B

kBT
(2) 

Fig. 3. Analysis of the current conduction mechanism. (a) Typical I–V characteristics of the 7th cycle out of 90 DC sweep cycles with a CC of 1 mA 
showing the HRS and LRS. (b) Fitting curve for Schottky conduction in the HRS under a positive bias. (c) Fitting curve for Ohmic conduction in the 
LRS under a positive bias. (d) Fully fitted I–V curve discriminating Schottky and Ohmic conduction regions. 
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in Equations (1) and (2), q, Ԑo, and kB represent the electronic charge, permittivity of free space, and Boltzmann’s constant, respec
tively. From the slope and intercept, the calculated values of Ԑsch and φB are 17.2 and 0.424 eV, respectively. The dielectric constant is 
high, which is consistent with previous reports for oxygen-rich Bi2O2Se [49]. Fig. 3c presents the replot of the LRS generated by taking 
6 consecutive points in ln(I) versus ln(V) form, and the measured value of the slope is ~1.01. Since the slope is ~1, the LRS conduction 
is Ohmic conduction. In linear fitting the Adj. R2 values for HRS (Fig. 3b) and LRS (Fig. 3c) are 0.99173 and 0.99991 respectively. Both 
Schottky (red points) and Ohmic (blue points) conductance regions are clearly revealed in the fully fitted I–V (black) curve, as shown in 
Fig. 3d. 

3.3. Artificial synapse characteristics 

Apart from data storage, memory devices have been explored for mimicking other functions that includes synapses [21], and 
nociceptors [53]. The present device was further utilized to mimic basic neuromorphic characteristics such as potentiation and 
depression. Positive and negative DC sweep voltages were applied to realize potentiation and depression. Fig. 4a shows the poten
tiation characteristics. For potentiation, a constant positive DC sweep voltage (0 → 0.3 V) was uninterruptedly applied. The device 
shows a moderate current increment almost in a linear fashion representing 35 distinct current levels from ~20 μA (first level due to 
the first + ve DC sweep) to ~ 160 μA (35th level in response to the 35th + ve DC sweep), indicating that the average current increment 
per DC sweep is ~4 μA. 

In principle, the potentiation exhibits a partial SET condition via the gradual formation of CFs by applying a positive voltage in 
precisely controlled steps, and hence, the current also gradually increases. 

Fig. 4b presents depression characteristics. For depression, a fixed negative DC sweep voltage (0 → − 0.6 V) was uninterruptedly 
applied. The device shows a moderate current decrement representing 41 distinct current levels from ~320 μA (first level due to the 
first -ve DC sweep) to ~ 75 μA (41st level in response to the 41st -ve DC sweep), indicating that the average current decrement per DC 
sweep is ~6 μA. Conceptually, depression is tuning the device to the RESET condition via gradual rupturing of the formed CFs by 
applying a negative voltage in precisely controlled steps, leading to a gradual decrease in the current. For clear visualization of 
potentiation/depression phenomena, measured values were extracted and replotted as the conductance versus number of DC sweeps, 
as shown in Fig. 4c. It is clear that the device conductance gradually increases during potentiation and then gradually decreases during 
depression. Precisely controlled voltage pulses with a pulse duration of 100 ns were applied to obtain LTP (0.3 V) and LTD (− 0.6 V) 

Fig. 4. Mimicking artificial synapse via conductivity modulation. (a) potentiation: 35 states. (b) depression: 41 states. (c) added conductance values 
for potentiation and depression versus number of DC sweeps. (d) Voltage pulse modulated LTP/LTD characteristics. 
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characteristics presented by the device, as shown in Fig. 4d. 

3.4. Proposed mechanism for resistive switching and artificial synapses 

The proposed switching mechanism is based on the migration of Cu ions through SM Bi2O2Se under an appropriate external bias, as 
schematically explained in Fig. 5. Fig. 5-a presents the Bi2O2Se-based CBRAM structure in its primitive state. Fig. 5-b shows that the 
device is tuned to the SET condition by applying a positive voltage sweep on the TE. Under the SET condition, excess Cu ions are 
generated due to the formation of CuOx (x = 1,2) at the Cu/Bi2O2Se interface at the time of Cu deposition on Bi2O2Se following Cu0 → 
Cuz+ + ze− (z = 1 or 2). These Cu ions migrate through layered Bi2O2Se, forming a conductive path (or a conductive filament - CF). 
Reduction of these Cu ions is expected at the Bi2O2Se/PdOx interface due to tunneling of electrons from the bottom electrode (BE) Pd 
through PdOx. PdOx shows less oxygen, indicating metallic-like properties. The work function of PdOx is 4.8 eV, and that of Pd is 4.95 
(±0.05) eV. Since the work function difference between PdOx/Pd is low, Ohmic contact facilitates a number of electrons passing 
through PdOx and reducing the Cuz + ions to Cu0. The thicker switching layer of Bi2O2Se (~25 nm) can control the migration of Cu ions 
through it; therefore, the formation of multiple weak CFs can be expected. Additionally, the crystalline nature of Bi2O2Se can be 
another potential barrier to Cu ion migration. Fig. 5-c elucidates the RESET process (by applying a negative voltage sweep at the TE), 

Fig. 5. Schematic representation of the switching mechanism. (a) Primitive view of the device structure. (b) Device under SET and (c) RESET 
conditions. (d) STP via formation of smaller CFs by applying a few positive voltage pulses. (e) Strengthening of CFs leading to LTP upon application 
of pulses in large numbers. (f–g) Weakening of CFs by applying negative voltage pulses in small and large numbers for STD and LTD, respectively. 
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and the flow of IRESET causes Joule heating.=
Owing to the low thermal conductivity of Bi2O2Se (~ 1.2 W/mK) [54,55] in comparison with the TE CuO//Cu (33 W/mK//400 

W/mK) and PdO//Pd (20 W/mK//71.2 W/mK), maximum thermal heat dissipation occurs at the CuO/Bi2O2Se interface and Bi2O2

Se/PdO interface through Bi2O2Se (SM). 
Therefore, weak CF dissolution occurs in Bi2O2Se, while residual CFs remain at the CuOx/Bi2O2Se and Bi2O2Se/PdOx interfaces, 

supporting the repeatable switching. Furthermore, these nonlasting residual CFs play a crucial role in endurance and long uniform 
retention characteristics. 

Since the Bi2O2Se-based structure has successfully emulated the synaptic characteristics of LTP and LTD, it is worthwhile to 
elucidate the mechanism involved in such performance. The proposed mechanism for synaptic emulation is based on the formation and 
rupture of CFs in a controlled manner via the application of voltage pulses of requisite amplitude and polarity. The device under the 
RESET condition was used to mimic synaptic characteristics. Fig. 5-d explains the mechanism of the application of positive voltage 
pulses on the TE. Cu atoms are oxidized to Cuz + ions, which are reduced to Cu atoms at the BE, and their accumulation forms a CF of 
low thickness, attaining moderate conductance representing STP. When the positive voltage pulses are increased to an adequate 
number, the thickness of the CF increases, leading to an enhancement in the conductance, resulting in LTP, as shown in Fig. 5-e. In 
synapses, depression is considered the reverse action of potentiation, meaning a reduction in conductance via rupturing of the CF by 
applying voltage pulses of opposite polarity on the TE. Upon the application of a small number of negative voltage pulses, the CF (of Cu 
atoms) is supposed to be slightly dissolved, causing the conductance to start decreasing, representing STD, as shown in Fig. 5-f. By 
increasing the number of similar negative voltage pulses, the dissolution of the CF becomes crucial for lowering the conductance, 
emulating LTD, as shown in Fig. 5-g. Therefore, the Bi2O2Se-based device can be considered a typical artificial synaptic device because 
it emulates LTP and LTD behavior via controlled formation and dissolution of CFs, respectively. The performance (memory and 
artificial synapse) of the Bi2O2Se-based CBRAM device is compared with that of devices in recent reported references, as presented in 
Table 1 [23,56–59]. 

The comparison is focused on the major performance parameters, including the compliance current (CC), ON/OFF ratio, retention, 
P/E endurance, and artificial synaptic activities. 

The compliance current (CC) for our device is 1 mA, a value in agreement with previous reports [56–58]. The ON/OFF ratio 
measured is > 10, an average acceptable value compared with references [23,59]. The device presents retention for over 10 ks, which 
is a reasonable value [56–58]. Multilevel switching, an advanced memory function that is not commonly reported [59], was inves
tigated with the present device via four distinct read levels (Vread = 0.1, 0.2, 0.25, 0.3 V). The P/E endurance measured is > 3.5 × 103 

with a pulse width of 100 ns and applied voltage levels of 1.0/-0.8 V. The numbers of LTP (54, 0.3 V) and LTD (105, − 0.6 V) states are 
also comparable with those in references crucially reporting artificial synapse activities [23,57–59]. Although the performance of the 
Bi2O2Se-based CBRAM device (studied for the first time) shows competitiveness for many parameters, further investigations are 
needed for performance improvement. 

3.5. Cu migration analysis via HRTEM 

To validate the proposed switching mechanism via well-controlled migration of Cu through the SM Bi2O2Se, ex situ high-resolution 
transmission electron microscopy (HRTEM) analysis was performed to achieve a visual view supporting the mechanism of the Bi2O2Se- 
based CBRAM device. Before HRTEM analysis, all the measurements were completed with the device kept in the SET condition. Fig. 6a 
presents a schematic diagram of the proposed Bi2O2Se-based CBRAM structure. The successfully fabricated structure is shown in 
Fig. 6b. Fig. 6c shows an HRTEM image of the major portion of the fabricated Cu/Bi2O2Se(SM)/Pd structure. The TE Cu is partially 
oxidized and forms CuOx at the Cu/Bi2O2Se interface, transforming the top layer from Cu to Cu/CuOx. Additionally, the interface of 
the BE also shows a thin layer of oxidized Pd, which is converted into PdOx/Pd at the Bi2O2Se/Pd interface. The approximate 
thicknesses of the CuOx, Bi2O2Se, and PdOx layers are 4 nm, 25 nm, and 3.5 nm, respectively. The presence of the layered structured 

Table-1 
Performance comparison of CBRAM with that of devices in recent reported references.   

Memory Performance Artificial Synapse  

Device Structure CC (μA) HRS/LRS 
(ratio) 

Retention 
(s) 

Multilevel RS 
(levels) 

P/E 
(V) 

P/E pulse 
width (ns) 

P/E 
endurance 
(#) 

LTP/LTD 
states 

LTP/ 
LTD (V) 

Ref 

Al/Cu/Bi2O2Se/ 
Pd 

103 >10 104 4 1.0/- 
0.8 

100 >3.5 × 103 54/105 0.3/-0.6 This 
work 

Ag/GeSe/Pt/Ti/ 
SiO2 

5 × 103 <10 >104 ~6 0.5/- 
0.5 

3 × 103 ~104 ~50/50 0.3/-0.5 [55] 

Al/Cu/TiOx/ 
MoS2/TiN 

200 102 104 – 1.2/- 
0.9 

100 2 × 109 55/500 0.45/- 
0.45 

[54] 

Cu/AlOx/aCOx/ 
TiNxOy/TiN 

300–103 37 104 – 1.2/- 
0.8 

100 1.5 × 109 59/101 0.5/-0.4 [53] 

Cu/MoS2 double- 
layer/Au 

2 × 103 <10 18 × 103 – – – – 20/20 0.6/-0.6 [21] 

Cu/MoS2/ 
Ni–Mn–In 

104 300 103 – 1.5/- 
1.5 

100 500 – – [52]  
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Bi2O2Se can be clearly observed, with a number of layers of ~42 (corresponding to a total thickness of ~25 nm) [39]. Fig. 6d shows an 
HRTEM image of an arbitrarily selected region of the SM, which presents the crystalline structure of Bi2O2Se with a clear view of 
distinct layers. Some part of the layered crystalline view exhibits black spots owing to the presence of Cu in the SM Bi2O2Se. To confirm 
the presence of Cu in the SM, energy dispersive spectroscopy (EDS) was carried out to map the elements. Fig. 6d (1–4) presents EDS 
elemental mapping images with differentiating colors for “Bi”, “Se”, “O”, and “Cu”. With the aid of this evidence, it is clear that the 
switching property of the fabricated device is due to Cu migration via the crystalline layered structure of Bi2O2Se, which is proposed as 
the SM in the present memory structure. 

4. Conclusions 

An Al/Cu/Bi2O2Se/Pd-based cross point CBRAM device was successfully fabricated. The device exhibits resistive switching at a low 
voltage level (+1.5 V/-1.5 V) and basic memory functions, including endurance (>90 cycles), cumulative probability (~99 %), and 
retention (@ Vread of 0.1 V) over 10 ks (RHRS/RLRS >10). In addition, the device shows multilevel switching behavior via four distinct 
stable switching states. Artificial synapses are mimicked by conductivity modulation, showing potentiation (35 states) and depression 
(41 states). The current conduction mechanism encompasses Schottky (during the HRS) and Ohmic (during the LRS) conduction 
phenomena. Furthermore, the switching mechanism involving Cu migration through Bi2O2Se has been conceptually explained with 
the aid of HRTEM imaging. With our findings, Bi2O2Se-based CBRAM devices can potentially be applied for memory and artificial 
synapse applications. 
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