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Abstract 

Availability of computing will be strongly limited by global energy production in 1-2 

decades. Computing consumes 4-5% of global electricity supply and continues to increase. 

This is underpinned by memory and switching devices encountering leakage as they are 

downscaled. Two-dimensional (2D) materials offer a potential solution to the fundamental 

problem owing to carrier confinement which significantly reduces scattering events. Here, we 

use mixed ionic-electronic transport in layered black phosphorus (BP) based vertically 
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stacked resistance change memories. The memory device relies on a unique interplay 

between the oxygen and silver ion diffusion through the stack which is generated using a 

combination of bottom (electrochemically active silver) and top (Indium tin oxide) 

electrodes. The use of a transparent top-electrode enabled for the first time to conduct 

spectroscopic characterization of the device and experimentally reveal fundamental 

mechanisms. Endurance of the devices are observed to be >104 switching cycles, with 

ON/OFF current ratio of >107 and standby power consumption of <5 fW, which effectively 

suppresses leakage current and sneak paths in a memory array. By undertaking detailed 

microscopic and spectroscopic investigations, supported by theoretical calculations, this work 

opens opportunities to enhance resistive switching performances of 2D materials for 

next-generation information storage and brain-inspired computation. 

Keywords 

resistive memories, black phosphorus, metal-ion diffusion, layered 2D 

materials,  neuromorphic computation 
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Introduction 

Resistive memory devices have demonstrated significant potential for future high-density 

data storage mainly owing to their scalability, low power consumption, compatibility with 

conventional semiconductor technology and ability to implement neuromorphic computing 

architectures.[1,2] Though continuous intense research in traditional metal-oxide memory 

devices has achieved these promising results, there remain critical challenges of operational 

voltages, leakage and sneak path currents.[3] Stochastic nature of charge transport during 

programming in traditional oxide memory devices (i.e., ionic valence change and movement 

of metal-cations across the switching layers) could affect stability and reliability of these 

devices. In this context, vertically stacked van der Waals structure of two-dimensional (2D) 

materials may offer a significant control in the ionic transport, anisotropic crystallinity and 

defect incorporation rendering high memory window, low leakage and programming 

currents.[4-7] Furthermore, recent developments enabling thickness control of 2D materials at 

the atomic scale pushes the scalability of resistive memory devices down to sub-nanometres 

and per bit energy consumption to femtojoule.[6,8,9] 

Recently, 2D transition-metal dichalcogenides (MX2, M = Mo, W and X = S, Se, Te),[4,9,10] 

transition-metal oxide (such as MoO3),
[11] hexagonal boron nitride (h-BN)[8,12] and 

elemental black phosphorus (BP) [13-16] have been used in vertically stacked resistive 

memory devices to exploit their potential for alternative solutions. For instance, multilevel 

storage,[17] low energy neuromorphic computation,[5,18] terahertz switching,[19] and scaling 

down to atomic scale[8,9] are realised in 2D materials based resistive memory devices. 

Although these results are significant, there are several unaddressed questions regarding the 

resistive switching endurance and charge transport mechanism in vertically stacked van der 
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Waals structures. Most of the resistive memory devices based on different 2D materials suffer 

from low switching endurance (as highlighted in Table 1). This can be associated with 

energy barrier of the van der Waals layers to the out-of-plan nano-ionic (cationic and anionic) 

charge transport originating from their strain and electronic energies.[20,21] Owing to the 

high mobility of oxygen ions and low barrier energy for their diffusion, partial oxidation of a 

2D material or adding an oxide layer in the vertical stack of switching layers could improve 

the switching performance of the resistive memory devices.[4,6,7,13,14,16] Furthermore, a 

range of microscopic and spectroscopic analyses are required to establish a vivid resistive 

switching mechanism in vertically stacked 2D materials based resistive memory devices.   

Unlike 2D transition-metal dichalcogenides and h-BN, BP is known to rapidly oxidise upon 

exposure to ambient and forms a layer of complex phosphorus-oxide (PxOy) on its surface 

which is considered detrimental for electronic devices.[22,23] However, natural oxidation of 

BP has recently been harnessed to engineer new characteristics for multifunctional electronic 

and optoelectronic devices.[24-26] As such, this offers an advantage of high oxygen ion 

mobility across heterogeneously integrated 2D material and its native oxide for high 

performance resistive memory devices. Herein, we use transparent indium tin oxide (ITO) as 

an oxide top electrode in our ITO/BP/Ag cross-bar resistive memory devices to locally 

oxidise BP across the vertical stack by diffusing oxygen ions and metal Ag ions (from bottom 

Ag electrode) under an applied electric field. Raman mapping technique is used for the first 

time as a non-destructive approach to pinpoint locally oxidised region in a switching device. 

This is enabled by a transparent top electrode (ITO). The locally oxidised BP provides a path 

for coupled ionic-electronic charge transport across the stack and stable resistive switching 

for >104 switching cycles (highest than any reported BP based resistive memory devices), a 
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large memory window of >107 and a low standby power consumption of <5 fW. 

Furthermore, our BP resistive memory devices retain their switching characteristics for more 

than 25 days without the use of any additional surface passivation steps, demonstrating 

environmental stability. 

Results 

The vertical BP resistive memory devices are fabricated in cross-point configuration by 

sandwiching mechanically exfoliated multilayer-BP flakes between bottom Ag and top ITO 

electrodes. Figure 1a shows the Scanning Electron Microscope (SEM) micrograph of a 

representative vertical BP resistive memory device. The cross-point configuration of BP 

resistive memory devices ensures that vertical charge transport is confined within the <6 μm2 

device area, without any contributions of lateral transport. The associated Energy Dispersive 

X-ray Spectroscopy (EDS) elemental maps of the representative BP resistive memory device 

(Figure 1b-e) show Ag as bottom and ITO as top electrodes. Although single cross-point 

memory devices are required to explore memory fundamentals, large-scale memory 

integration, data storage and neuromorphic computation are contingent on the demonstration 

of memory operations in an array. Recently, memory arrays have be demonstrated on 

different 2D materials,[21,27-30] including mechanically exfoliated BP.[13] In this work, 

single cross-point BP memory devices are fabricated on mechanically exfoliated flakes to 

undertake extensive memory characterizations and underpin the switching mechanism. 

Figure 1f shows an atomic force microscope (AFM) topographic scan of the transferred 

multilayer-BP flake on the bottom Ag electrode. An average thickness of ~19.1 nm is 

measured from the AFM scan (Figure 1g). Several devices in the range of ~8-100 nm 

thickness are also fabricated (see Section S1, Supporting Information) to characterise 
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thickness dependent characteristics of our ITO/BP/Ag memory devices. To vividly present 

underlaying switching mechanisms in our BP resistive memory devices, it is very important to 

conduct all electrical, optical and spectroscopic characterisations on the same device. As 

such, mostly data and characterisations presented in the manuscript are collected from the 

same device with BP flake of thickness ~19.1 nm, shown in Figure 1a. However, the resistive 

switching characteristics of the devices with different thicknesses are discussed in Supporting 

Information (see Section S3). 

 

 

Figure 1. Structure of BP memory devices and spectroscopic characterisation. (a) False-coloured 

scanning electron microscope (SEM) micrograph of a representative BP resistive memory 
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cross-point device. Energy dispersive X-ray spectroscopy elemental map of (b) phosphorus (P), 

(c) silver (Ag), (d) indium (In) and (e) tin (Sn). (f) Atomic force microscope topographic scan of the 

mechanically exfoliated and transferred BP flake on a bottom Ag electrode. (g) Height profile of the 

BP flake in (f). (h) Raman spectra collected from bare BP on SiO2 substrate, BP on bottom Ag 

electrode and the cross-point ITO/BP/Ag region of pristine BP resistive memory device.  

 

Raman point spectra are collected from different locations of a pristine device including bare 

BP on SiO2, BP on bottom Ag electrode and BP sandwiched between top ITO and bottom Ag 

electrodes, i.e., cross-point region (Figure 1h). Raman spectra show all three signature peaks 

of BP corresponding to the A1
g, B

2
g and A2

g vibrational modes, where A1
g mode originates 

primarily from the out-of-plane vibrations of phosphorus atoms along the c-axis, while the 

B2
g and A2

g modes arise from the in-plane vibrations of phosphorus atoms along the armchair 

and zigzag, respectively. Relatively higher intensities of Raman spectral modes of BP/Ag and 

ITO/BP/Ag (as compared to BP/SiO2) can be associated with the enhanced Raman scattering 

effect of the bottom Ag electrode.[31,32] Interestingly, the high optical transmission (>80%, 

see Section 2 in Supporting Information) of top ITO electrode in visible wavelengths allows 

Raman spectroscopy on the cross-point region which is used to analyse oxygen ion migration 

during resistive switching operation of BP resistive memory devices, as discussed later in the 

manuscript.   

The resistive switching behaviour of BP resistive memory devices is characterised by 

applying bias to the bottom Ag electrode and grounding the top ITO electrode (Figure 2a). 

As depicted by I–V characteristics in Figure 2b, our BP resistive memory devices exhibit 

bipolar resistive switching where a positive voltage sweep on bottom Ag electrode SET the 
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high resistive state (HRS) of the device to a low resistive state (LRS) and a negative bias 

sweep RESET the device from LRS to HRS.  

 

Figure 2. Electrical characterisation of BP resistive memory devices. (a) Schematic illustration 

of a cross-point BP resistive memory device. (b) I–V characteristic sweep of the BP resistive 

memory devices under ambient conditions. (c) Statistical analysis of VSET and VRESET threshold 

switching voltages. (d) Time dependent retention characteristics of LRS and HRS for >105 s. (e) A 

representative pulsed switching cycle of SET/READ/RESET/READ pulses with the pulse width of 
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1 μs. A train of SET (1.2 V)/READ (0.1 V) and RESET (-1.2 V)/READ (0.1 V) voltage pulses are 

applied to the BP resistive memory devices to evaluate cyclic endurance. (f) Pulsed cyclic endurance 

of a BP resistive memory device for >104 switching cycles. (g) Stability evalution of BP resistive 

memory devices assessed by 50 switching cycles after every 5 days.  

 

In their pristine state, the BP resistive memory devices show high resistance and require an 

irreversible electroforming voltage sweep to initialize the resistive switching behaviour where 

the magnitude of applied voltage depends on the thickness of BP (see Section S3, Supporting 

Informtion). The post-electroforming bipolar resistive switching behaviour shows a threshold 

driven SET/RESET transition (Figure 2b). Such bipolar resistive switching behaviour can be 

attributed to the localised redox reactions and cation transport across the oxidised BP through 

conductive filament (as discussed later in manuscript).[6,33] The standby power 

(PStandby = IHRS × VREAD) is estimated to be in the range of <5 fW owing to very low OFF-state 

currents ( <5×10-12 A) observed in our BP resistive memory devices at a READ voltage of 

100 mV. Such a low standby power effectively suppresses the leakage current and cell 

disturbance issues in a memory array.[34] Further, devices fabricated with symmetric top and 

bottom electrodes of nonreactive metal, such as Au (i.e., Au/BP/Au), do not show any 

resistive switching. However, by adding a thin layer (~5 nm) of a reactive metal, such as Cr, 

on the top inteface (i.e., Au/Cr/BP/Au) devices exhibit bipolar resistive switching (see 

Section S4, Supporting Information). This can be explained by the oxidation of Cr during 

deposition which adds a metal oxide layer on the surface of BP flake. Under applied bias, 

oxygen ions from oxidised Cr diffuse into BP, causing interfacial oxidation of BP and induce 

unstable bipolar resistive switching in Au/Cr/BP/Au devices.[13,16]  
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Figure 2c shows the statistical distribution of threshold voltages for the onset transition of 

SET (VSET) and RESET (VRESET) during the cyclic bipolar resistive switching, respectively. 

The distribution of VSET ranges from 0.33 to 0.48 V with a mean at 0.39 V while VRESET 

ranges from -0.32 to -0.44 V with a mean of -0.37 V. The stability of resistive states are 

evaluated under a constant voltage over a long period of time to acquire the retention 

characteristics. Figure 2d shows the retention of HRS/LRS resistive states for >105 s, 

measured at a constant voltage of 100 mV. The ON/OFF ratio is consistently maintained to 

be >2×107 without any deterioration in either of the resistive states. Furthermore, 

cycle-to-cycle switching performance of the devices is evaluated by applying a train of 

SET/READ/RESET/READ pulses (Figure 2e). It is worth mentioning that the methods of 

endurance measurement adopted in several recent papers are debatable, as comprehensively 

discussed by M. Lanza et al.[35,36] As such, following the recommended method of 

endurance measurements we applied short voltage pulses with a duration of 1 μs to SET 

(+1.2 V), READ (+0.1 V) and RESET (-1.2 V) the device during each switching cycle (as 

shown in Figure 2e). Switching speed of our devices are measured to be ~30 ns and ~40 ns 

for SET and RESET cycles (see Supporting Information, Section 5). Figure 2f shows the 

electrical endurance of resistive switching for >104 cycles with high reproduceability. As 

such, the stable retention characteristics and reproduceable resistive switching show robust 

non-volatile behaviour of our BP resistive memory devices. It is interesting to note that the 

resistive switching characterisitcs exhibited by our BP resistive memory devices are superior 

than several reported cross-point devices based on layered materials, as summarised in 

Table 1. 
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It is well known that unprotected BP rapidly degrades under the ambient 

environment[23,37,38] and different strategies have recently been reported to enhance its 

environmental stability, such as physio-chemical treatment and encapsulation with 

oxides.[39-42] To evaluate the environmental stability of our cross-point devices, pulsed 

endurance of our BP memory devices is measured under the ambient uncontrolled conditions. 

Figure 2g shows the endurance stability with the switching ratio retained at more than 

2.1×106 for 25 days. The long stability of BP resistive memory devices can be explained by 

the cross-point structure where the active switching area is encapsulated by top ITO electrode 

(in the cross-point region) and is not directly exposed to the ambient. Furthermore, diffusion 

of oxygen ions through layered BP under applied bias and resultant oxide complex stabilizes 

the ion transport through the device during switching, as discussed below with Raman 

spectroscopic analysis. As mentioned earlier, BP is prone to oxidation under ambient 

conditions where humidity and light mainly contribute to its oxidation. As such, we suggest 

that the environmental stability of our BP devices will further prolong beyond 25 days under 

vacuum due to the absence of environmental oxygen. Also, the switching performance of our 

devices should not deteriorate (if not improved) under vacuum because the top ITO electrode 

serves as an oxygen reservoir for oxygen ion transport required during the resistive switching. 

It is worth mentioning that Y. Wang et al.[13] have thoroughly investigated the effect of 

phosphorus oxide (PxOy) thickness on the resistive switching properties in BP based resistive 

memory devices. In this study, the PxOy was grown under UV exposure and its thickness was 

controlled by varying UV exposure time. It was suggested that the thickness of PxOy does not 

increase after 10 minutes of UV exposure which indicates depressing oxidation rate of BP 

after a certain time and exposure. Correlating these findings with our work and addressing 
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any concerns about PxOy thickness variation in our devices, we can confidently assume that 

oxidation rate of BP under ambient light is relatively slower than exposing under UV which 

we have comprehensively studied in our another research work.[23] The thickness of PxOy 

will limit itself to <5 nm for <2 hours of ambient exposure during our fabrication processes. 

As such, all of our BP resistive memory devices have similar thickness of PxOy and 

contribution similar influence in resistive switching characteristics. 

During the initial electroforming step, oxygen ions from the top ITO electrode diffuse into 

the pristine BP layers and result in the formation of localised complex phosphorus oxide 

(PxOy) across the device stack. In the subsequent SET/RESET switching processes, mobile 

oxygen ions or oxygen vacancies in the localised PxOy are driven by the applied electric field 

inducing resistive switching. As such, the localised oxidation of BP is required during the 

initial electroforming step to induce resistive switching while the transportation of oxygen 

ions is facilitated by redox reactions in the localised PxOy under SET/RESET voltages. This 

electric field driven movement of oxygen ions across the device can be identified by a change 

in Raman peak intensity.[43] Since the transparent top electrode allows to collect Raman 

spectra from the ITO/BP/Ag cross-point region of the device (Section 2, Supporting 

Information), we adopt Raman spectroscopic analysis to evaluate the movement of oxygen 

ions under the influence of switching bias. Raman spectral maps of the cross-point region are 

collected from a representative device (shown in Figure 3a) before and after it is subjected to 

the resistive switching.  
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Figure 3. Raman spectroscopic analysis of BP resistive memory devices. (a) Optical microscope 

photograph of a representative cross-point BP resistive memory device. Raman spectral maps of 

normalised A1
g peak intensity collected from a region of interest in (b) pristine (c) after 

electroforming. (d) Single-point Raman spectra after a SET and RESET switching cycle. 

(e) Variation of A1
g peak intensity with SET and RESET during switching cycles. 

 

Figures 3b and 3c show Raman spectroscopic maps of A1
g peak intensities on a representative 

device in its pristine and post electroformed switching states, respectively. The A1
g peak 

intensities are normalized to the highest intensity value obtained at a point of interest away 

from the cross-point region. Comparatively lower normalised intensities are observed in the 

cross-point region after electroforming (Figure 3c) than the pristine state (Figure 3b). This 

can be associated with the oxidation of BP under bias conditions.[37,44] Interestingly there is 
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a variation in the normalised intensity within the cross-point of the device after 

electroforming where relatively low intensities are recorded from the top right corner of the 

cross-point (highlighted by an enclosed box in Figure 3c). This suggests that the oxidation of 

BP and oxygen ion transport in the cross-point are localised which is typical in metal-oxide 

based resistive memory devices.[45,46] Figure 3d shows single-point Raman spectra for a 

complete SET/RESET switching cycle, collected from the localised spot in the cross-point 

region of the switching BP resistive memory device. Comparison of these two single-point 

spectra reveals that the A1
g peak intensity after RESET is higher than in LRS i.e., in SET 

state. To further confirm this trend, single-point Raman spectra are collected for 5 complete 

SET/RESET switching cycles (see Supporting Information, Section S6, Figure S11). As 

shown in Figure 3e, the ratio of A1
g peak intensity is always higher in HRS than in LRS 

which suggests transport of oxygen ions across the device during resistive switching.[16,43] It 

is worth mentioning that variation in the ratio of A1
g peak intensities between different 

SET/RESET cycles can be associated with the inherent stochastic nature of 

generation/recombination/migration processes of charge carriers during resistive switching in 

resistive memory devices.[47,48] 

To evaluate the resistive switching mechanism microscopically, cross-sectional 

high-resolution transmission electron microscope (HR-TEM) and electron energy loss 

spectroscopic (EELS) analyses are carried out for our BP resistive memory devices. A 

lamella was cut-out from the cross-point of the representative device (Figure 3a) in HRS after 

subjected to the resistive switching. Specifically, the area of the cross-point which showed 

low A1
g peak intensities in the Raman map (Figure 3c) was included in the lamella. Low 

magnification TEM micrographs of the lamella reveal that BP switching layer in the 
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cross-point has both crystalline and amorphous structures (Section S7, Supporting 

Information). This shows that the region of cross-point which recorded low A1
g peak 

intensities has localised oxidation of BP layers to amorphous PxOy.  

 

Figure 4. Microscopic characterisation of BP resistive memory devices. (a) Cross-sectional TEM 

micrograph of pristine section of the representative electroformed ITO/BP/Ag cross-point device. 

Inset shows FFT diffraction pattern. The EELS area maps of (b) P–L edge (c) Ag-M edge and (d) O–K 

edge spectra collected from an enclosed region of interest in (a). (e) TEM micrograph of oxidised 

section of the representative ITO/BP/Ag cross-point device. Inset shows FFT diffraction pattern. 

(f) HR-TEM micrograph of ruptured Ag protrusion in oxidised BP. (g) The EELS P–L edge and Ag–

M edge profiles along a line scan across the region of interest in (f). 

 

Figure 4a shows HR-TEM micrograph of the non-oxidised section of the cross-point where 

BP is intact in its crystalline structure, as reflected by the Fast Fourier Transform (FFT) 

diffraction pattern (inset of Figure 4a). Chemical composition of the crystalline section is 
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assessed by EELS area maps acquired from a region of interest (highlighted in Figure 4a). 

The EELS phosphorus (P–L edge), silver (Ag–M edge) and oxygen (O–K edge) area maps 

are shown in Figure 4b-d, respectively, where maps are generated by taking intensities of the 

collected spectra (at each pixel) after pre-edge background subtraction. As expected, these 

EELS area maps reveal that neither BP oxidised nor Ag diffused across the BP layers in this 

crystalline section of the electroformed cross-point. On the other hand, the HR-TEM 

micrograph of the oxidised section (Figure 4e) shows amorphous structure of BP layers, 

confirmed by FFT pattern (inset of Figure 4e). Figure 4f shows a protruded feature from the 

bottom Ag electrode extending into the PxOy layer. The P–L edge and Ag–M edge spectra 

collected by EELS line scan (Figure 4g) passing across the PxOy layer and protruded feature 

(highlighted by a dashed line in Figure 4f) reveal that Ag diffused through the PxOy layer. 

This suggests that under an applied bias diffusion of Ag provides a conductive path for 

charge carriers between top and bottom electrodes in the oxidised section of the device. 

Further, the decrease of Ag–M edge intensities close to the top ITO/PxOy interface and 

relatively high intensities in ITO and PxOy layer infer that RESET bias (i.e., negative voltage 

on bottom Ag electrode) results in the dissolution of Ag conductive path which leads to 

HRS.[49] Based on the reported literature on electrochemical metallisation memory devices, 

it can be safely inferred that Ag diffuses from the bottom electrode and migrate across the 

PxOy layer under SET bias to form a conductive bridge resulting in LRS, while RESET bias 

breaks the conductive path which results in HRS in our BP resistive memory devices.[50-52] 

To further establish a physical model of resistive switching in our BP resistive memory 

devices, we model the diffusion of Ag and O atoms through BP multi-layers using density 

functional theory (DFT) with constrained optimisation (see Experimental). To clarify our 
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approach, we model the diffusion of the atoms through multi-layer BP while DFT itself will 

assign the correct charge to the respective atoms. We assume that the bulk BP has a 

phosphorus vacancy that facilitates diffusion of the Ag and O atom, and we calculate the total 

energy of the system as a function of the out-of-plane position of the Ag and O atom. This 

calculation yields the diffusion barrier for the Ag and O atom through stacked van der Waals 

BP layers as a function of the position of Ag and O atom. As the applied bias (electric field) 

is perpendicular to the BP layers, it will force O2- and Ag+ ions in opposite directions due to 

their opposite charges. As such, the movement of the Ag and O atoms can be forwards or 

backwards according to the start and end points. 
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Figure 5. DFT calculations for diffusion barrier energy. Schematic illustration of tri-layer BP 

crystal structure with (a) side and (b) top view considered as supercell showing a phosphorus vacancy, 

starting and end point of Ag/O atom (shown as a grey sphere) diffusion pathway indicated by an 

arrow. The total system energy as a function of the reaction coordinate with the position of (c) Ag 

atom and (d) O atom. 
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Figure 5a,b display the structure of a BP supercell containing a phosphorus vacancy as well 

as the start and end points of the Ag or O atom positions. The change in energy of the system 

as the Ag and O atom position varies is shown in Figure 5c and 5d, respectively. The barrier 

for diffusion of an Ag atom is ~7.2 eV, which is significantly larger than for the diffusion of 

an O atom (~1.4 eV). This clearly shows that the diffusion of O is preferred over that of Ag 

and an O atom will be more likely to diffuse faster through unoxidized BP when initially an 

external electric field is applied (i.e., during electroforming process). Moreover, given that 

the diffusion barriers in Figures 5c,d are for Ag/O through a pristine and a defected layer, the 

diffusion barrier through bi-layer BP (i.e., a pristine bulk supercell) will have diffusion 

barrier heights similar to that of the first 5 reaction coordinates in the plots.  

Based on the Raman spectroscopy, HR-TEM/EELS analysis and DFT calculations it can be 

suggested that under the initial applied electric field during electroforming, oxygen diffuses 

from the top ITO electrode (owing to its comparatively low barrier energy than Ag) resulting 

in the localised oxidation of BP to amorphous PxOy. Diffusion of oxygen ions from partially 

oxidised top interface and redox reaction under an applied electric field is well reported in 

oxide base resistive memory devices.[45,53-55] In our case, the top ITO electrode acts as a 

reservoir for oxygen ions in the ITO/BP stack. Also, the change in Raman A1
g peak intensity 

during subsequent SET/RESET is reflected in our Raman spectroscopic analysis which 

confirms the movement of oxygen ions. Followed by the oxidation of BP, Ag bottom 

electrode oxidises and under the applied electric field Ag ions diffuse through the localised 

amorphous PxOy, forming a conductive bridge across ITO/PxOy/Ag stack. As such, a 

localised reversible diffusion of oxygen and Ag ions during SET and RESET processes is 

suggested to form and deplete, respectively, a conductive pathway (i.e., a filament) and 
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induce stable non-volatile resistive switching behaviour in our BP resistive memory devices. 

Furthermore, in our devices, BP is ambient exposed and has a thin layer (<5 nm) of PxOy on 

its surface which provides necessary counter electrode reaction for the oxidation of bottom 

Ag electrode.[56] In several recently reported resistive memory devices, 2D materials are 

subjected to ex-situ oxidation conditions, such as long exposure to ambient, UV and oxygen 

plasma to grow an oxide layer.[13,14] Based on detailed characterisation of our BP resistive 

memory devices, we infer that the oxidation of a layered material in a cross-point 

configuration and under an applied bias lead to a highly reliable resistive switching 

performance due to high mobility and low barrier energy of oxygen ions in a native oxide. 

Conclusions 

In summary, we show a 2D material-based memory device that relies on the interplay 

between the oxygen and silver ion diffusion through the stack. The layered structure of the 

BP allows for a highly repeatable movement of ions under an applied electric field. Extensive 

spectroscopic, microscopic and DFT analyses are used to characterize and validate the 

operation mechanism. The memory device exhibits superior ON/OFF ratios underpinned by 

extremely low OFF state current, high retention, and endurance. A combination of these is 

highly desirable for next generation leakage-free memory devices and neuromorphic 

applications. 
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Table 1. Comparison of resistive switching characteristics of our BP resistive memory devices with 

reported 2D materials-based memory devices. Abbreviations — QD: quantum dots, ME: machinal 

exfoliation, LE: liquid exfoliation, CVD: chemical vapor deposition, NM: not mentioned.  

Materi

al 

Synthesi

s 

method 

Thickn

ess 

(nm) 

Top 

electro

des 

Bott

om 

elect

rode 

SET 

voltage 

(V) 

RE

SE

T 

volt

age 

(V) 

Switchi

ng 

ratio 

Enduran

ce 

(cycles) 

Reten

tion 

(s) 

Ref 

BP ME 19 ITO Ag +0.39 

-

0.3

7 

>3.6×1

07 
1×104 1×105 

This 

work 

BP ME 15-85 Cu Au +0.8 -0.8 1×105 NM 1×104 [14] 

BP ME 5 Ag Au +0.5 -2.0 ~2×107 100 1×104 [13] 

BP ME 350 Ag Pt +0.5 -1.0 >1×102 >100 NM [57] 

BP 

(thin 

film) 

LE 3000 Al ITO +2.0 -2.0 3×105 NM 1×105 [16] 

BP:Pol

ystyren

e 

LE 40 Al Al +3.5 -3.5 6.2×102 NM 
>1×10

3 
[58] 

BP-

QD:PM

MA 

LE 4 Al Al +2.9 -3.1 2×107 100 1×104 [15] 

SnS ME 10-40 Ag Pt <+0.5 -0.3 108 1×104 1×105 [30] 

hBN CVD <2 Au Au +2.7 

-

0.8

66 

>106 1.5×103 1×104 [29] 

hBN CVD <2 Ag Ag +0.4 -- >1011 8×104 1×103 [29] 

hBN CVD 6 Ti Au +4.0 -2.0 1×105 1.2×103 1×107 [12] 

hBN CVD <5 
Graphe

ne 

Gra

phen

e 

~+4.5 -4.5 1×102 100 NM [59] 

hBN CVD ~0.5 Au Au ~+3.1 -1.0 1×107 50 1×106 [8] 

WS2 LE 200 Pd Pt +0.8 -0.4 1×103 NM 
>1×10

4 
[10] 
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MoS2 CVD >0.7 Au Au +2.0 -1.0 >1×103 >20 
>1×10

4 
[19] 

MoS2 CVD >0.7 Cu Au +0.3 -0.3 <10 20 1×104 [60] 

MoS2-

xOx 
ME 40 

Graphe

ne 

Gra

phen

e 

+2.0 -3.0 ~10 >2×107 1×105 [7] 

MoTe2 ME 12 Ti Au +2.9 -1.7 1×105 NM 1×103 [4] 

MoOx CVD 25 Ti Pt +2.5 -2.0 1×103 6×103 1×104 [11] 

 

Materials and Methods 

Device fabrication: The BP resistive switching devices were fabricated in cross point 

configuration. Firstly, an array of Ag (20 nm)/Ti (5 nm) bottom electrodes with average 

width of ~5 µm were patterned via standard photolithography and deposited by electron beam 

evaporation (Kurt J Lesker PRO Line PVD 75) on SiO2 (300 nm)/Si substrates. Then 

commercially purchased bulk BP crystal (Smart elements, Austria) was used to mechanically 

exfoliate BP flakes by using the scotch tape method. Mechanically exfoliated micro-flakes 

were randomly transferred onto the array of bottom electrodes. Samples were then inspected 

under the optical microscope and atomic force microscope to identify the flakes of interest. 

After the selection of transferred micro-flakes, top ITO (50 nm) electrodes were patterned in 

cross-point configuration via standard photolithography (Heidelberg MLA150), lift-off and 

RF sputtered (Kurt J Lesker PVD 75) in a pure Ar atmosphere at room temperature from a 

commercial ITO source with In2O3:SnO2 in a 90:10 wt% composition, (Testbourne Ltd.)[45]. 
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Electrical characterization: BP resistive switching measurements were performed using an 

Agilent 2912A source meter and a Keithley 4200SCS semiconductor characterization system 

for two-probe measurements. 

Transmission electron spectroscopy: The cross-sectional TEM imaging and analysis was 

carried by lamella cutout from the cross-point by focused ion beam (FIB) using a FEI Scios 

DualBeamTM system. Cross-sectional micrographs and electron energy loss spectroscopy 

(EELS) line scans and maps were performed using a JEOL 2100F scanning transmission 

electron microscope (STEM) with attached Tridium Gatan image filter. The STEM 

micrographs and EELS spectra were collected using a 1.5 nm beam spot size. The background 

was fitted using a power law fit and the influence of nearby peaks and plural scattering were 

reduced by a narrow signal window. 

Raman spectroscopy: Spatial Raman peak intensity mapping was conducted on a Horiba 

LabRAM HR Evolution micro-Raman system equipped with a 9 mW, 532 nm laser, 500 nm 

lateral resolution and a 50×objective. 

Atomic force microscopy and optical characterizations: Thicknesses of the exfoliated BP 

flakes were measured by topographic scans on a Dimension-Icon AFM in ScanAsyst mode. 

Optical transmission of the sputtered ITO top electrodes was measured using the CRAIC 

20/30 XL UV-Vis micro-spectrophotometer. 

DFT calculations: Analytical calculations were performed using DFT as implemented in the 

Vienna Ab initio Simulation Package (VASP).[61] A plane-wave pseudopotential approach 

was used with the energy cut-off set to 500 eV. A generalised gradient approximation (GGA) 

in the Perdew-Burke-Ernzerhof (PBE) form was used,[62] with the ion-electron interaction 
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defined using the projector augmented wave (PAW) method.[63] The effect of van der Waals 

interactions was accounted by including Grimme’s D3 correction.[64] The electronic self-

consistent calculation was performed with an energy tolerance of 10-5 eV, and the atomic 

relaxation was performed with a force tolerance of 0.05 eV/Å. The BP layers were modelled 

using a 331 supercell with a vacancy in one of the two BP layers. Constrained optimisation 

calculations were employed to determine the barrier for diffusion along 10 points, spanning 

the entire c-axis of the supercell. The experimental lattice parameters used for BP were with 

c = 10.5 Å, and therefore the diffusion step of 1.05 Å was considered. 
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Use of 2D materials in resistance change memories offer a potential solution to challenges faced by 

next-generation data storage technologies. Engineering mixed ionic-electronic transport in 2D black 

phosphorus based vertically stacked memory addresses reliability and standby power consumption 

issues. Previously invisible localized switching spot is revealed non-destructively with high spatial 

resolution by a Raman mapping technique. 

 

 


