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Abstract
We demonstrate inherent biorealistic synaptic plasticity functions in the Pt/n-ZnO/SiO2–x/Pt heterostructures, where

the n-ZnO semiconductor is geometrically cone-shaped in the size of a few nanometers. The synaptic functions were

achieved within a two-terminal, electroforming-free, and low-power rectifying diode-like resistive switching device.

The important rate-dependent synaptic functions, such as the nonlinear transient conduction behavior, short- and

long-term plasticity, paired-pulse facilitation, spike-rate-dependent plasticity and sliding threshold effect, were

investigated in a single device. These characteristics closely mimic the memory and learning functions of those in

biosynapses, where frequency-dependent identical spiking operations are mostly taking place, and we emulate these

characteristics in the “Learning-Forgetting-Relearning” synaptic behavior. The switching dynamics in the cone-shaped

n-ZnO semiconductor are correlated with the transport mechanism along the grain boundaries of the charged ion

species, namely, oxygen vacancies and charged oxygen. The diffusion and generation/recombination of these defects

have specific time scales of self-decay by virtue of the asymmetric profile of the n-ZnO cone defects. Finally, the

essential biorealistic synaptic plasticity functions were discovered for the perspectives of dynamic/adaptive electronic

synapse implementations in hardware-based neuromorphic computing.

Introduction
With a power consumption of ~20 watts and a volume

of approximately 1200 cm3, our brain is an amazing

computing instrument for tackling complex computa-

tional tasks, such as visual image recognition, precise

voice detection, and control of motor functions. Con-

sisting of approximately 1011 neurons and 1015 synapses,

our brain computes in a massive parallel mode by sending

spiking signals from preneuron to postneuron. Typically,

neurons are connected via the dendritic tree and axons,

and the place of each connection is called a synapse,

where spiking signals change the synaptic weight (wij) and

the actual computation and memory storage takes

place1,2. To save power and perform sufficient neuro-

morphic computing, numerous synapses are required, and

this is where emerging memory technologies come into

play. Specifically, the memristors, which are two-terminal

electrical devices of those internal resistance states gov-

erned by combined ionic diffusion dynamic and charge

trap/detrap processes, have garnered interest in the use of

synapse devices, particularly, the realization of important

“learning-experience behavior” functioning2–5. The key

advantages of memristors being applied as synapses are

due to their fast switching speed, low-power consump-

tion, cross-bar integration, and unique binary and analog

resistance switching properties, which make them suitable

candidates for a variety of applications, including recon-

figurable circuits, novel memories, and future hardware-

based neuromorphic systems6–10.

To date, many research works are focused on repro-

ducing basic synaptic learning rules, namely, spike-

timing-dependent plasticity (STDP), by utilizing various

types of memristors, typically, oxygen-deficient and metal

cation-based filament operation resistive switching devi-

ces11–13. However, many of the restrictions of these

memristors, such as their electroforming process, sto-

chastic multifilament formation, and, importantly,
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repeatability of analog fashion resistance states change,

have yet to be overcome to effectively apply these mem-

ristors in large-scale memory cross-bars, which serve as

one of the main building blocks for hardware-based

neuromorphic systems4,14,15. Due to these limitations, the

system implementation of even basic learning rules, such

as STDP, is becoming a difficult task. The overlapping

spiking signals arriving from pre- and postsynaptic neu-

rons have to be programmed manually (in terms of pulse

duration and amplitude) to obtain the desired synaptic

behavior, which could bring high complexity and

restrictions to the neuromorphic circuit13,16. Recently, to

overcome these problems, a memristor with diffusive

dynamics17 and a second-order memristor18 have been

proposed, where a decaying STP-term allows STDP to be

implemented with non-overlapping spiking. It is analogs

to biological synapses, in which the overall internal

dynamic (information encoding) is governed via spatio-

temporal encoding, i.e., by sending identical non-

overlapping spikes, where the sign of the synaptic trans-

conductance strongly depends on the history of applied

spikes19. However, the trans-conductance is gradually

increasing when the high-frequency stimulation (HFS)

arrives or is gradually decreasing when the low-frequency

stimulation (LFS) arrives to the biosynaptic

connection20–22

To tackle the above issues, the usage of interface-based

resistive switching (RS) devices may be a feasible approach

due to their highly repeatable analog redistribution of

resistance states, whereas electroforming-free behavior

eliminates randomness in the resistance states, which is

typically generated in memristors with filament formation

and growth23–25. Metal-oxide Schottky-like contact junc-

tions are part of the family of interface-based RS and

represent rectifying diode-like switching characteristics

within the important framework of electroforming-free

operation, large resistance RON/ROFF ratio and continuously

tunable resistance states, making them the most suitable

option for mimicking real biosynaptic behaviors, while

keeping scaling requirements down26–28. The shortage of

retention time in these devices, as proved by Hansen et al.29,

can be solved with inserting a specific tunneling barrier at

the back of the Schottky-like contact of the device. Never-

theless, with the benefits of the identical spiking scheme

and the retention times ranging from a few seconds to a few

thousands of seconds, the possibilities of implementations

of wij dynamically working in these memory retention time

scales provide the remarkable conditions to obtain the easy

training/learning schemes of a spiking neural network 14.

In this study, we investigate the reverse biased I–V

characteristics of rectifying diode-like Pt/n-ZnO/SiO2–x/

Pt synaptic heterostructures, where semiconducting n-

ZnO thin films were intentionally cone-shaped in SiO2–x

matrix protrusions to reduce excessive current leakage

and to form one-side variable diode-like conditions.

Within the oxygen vacancies and charged oxygen accu-

mulation/self-recombination processes in the cone-

shaped n-ZnO memristor-based framework, the device’s

short-term state (plasticity) is assumed to be controlled by

excessive ion charge traps at the Pt/n-ZnO Schottky

contact, whereas the device long-term state (plasticity) is

assumed to be guided by the relaxation time of accumu-

lated oxygen vacancies near the top Pt/n-ZnO interface,

coming from the inside-cone oxygen-deficient nanocrys-

talline n-ZnO1–x thin film. In addition, natural decay

induced by accumulated oxygen vacancies and charged

oxygen provides an internal timing, ranging in the inter-

vals of a few milliseconds (1–5ms) to a hundred milli-

seconds (50–100 ms), and a gradual conductance change

mechanism similar to the synaptic influx/extrusion of

Ca2+ ions concentrated in the biosynapses30,31. These

effects empower the device to exhibit essential rate- and

time-dependent behaviors dually, i.e., short-term as pair-

pulse facilitation (PPF)32 and long-term as a strong

accumulation of charged species, i.e., oxygen vacancies,

with their long retention time scales by using identical

non-overlapping voltage spikes with varied frequencies.

Specifically, the biological synapse strength (conductance)

is varied by the influx/extrusion processes of the Ca2+

ions, in an analogs fashion as the oxygen vacancies in-/

out-drift as the semiconducting device operates, in terms

of the following: 1) diffusion—oxygen vacancies drift

under the electric field (E), 2) concentration balance—the

stronger the electric field applied, the more oxygen

vacancies induced, 3) regulating role—elevated con-

centration of oxygen vacancies provides enhanced trans-

conductance of the device. Finally, with the functionalities

of Ca2+ ions, such as the diffusion mechanism, balance of

concentration and regulating roles in their respective

biosystems33, we experimentally demonstrate both short-

and long-term potentiation (STP and LTP), including the

important synaptic functions that we explored extensively

in our single device, such as PPF, spike-rate-dependent

plasticity (SRDP), sliding threshold (θm) effect, and the

important “Learning-Forgetting-Relearning” synaptic

behavior.

Methods
Materials

Commercially available p-Si/SiO2 substrates, where p-Si

specified with (100) orientation, p-type boron dopant, a

resistivity of 1–10 Ohm∙cm, a thickness of 500–550 μm,

and silicon oxide (SiO2) wet oxidation ~300 nm physical

thickness, were used. The DEZ (diethyl zinc-C2H5-Zn-

C2H5) precursor from UP Chemical Co. Ltd. (Pyeongtaek,

Republic of Korea) was used in the standard atomic layer

deposition (ALD) reactor machine (Model: Atomic-Clas-

sic) CN1 Co. Ltd. (Hwaseong, Republic of Korea).
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Device fabrication

The fabrication of two-terminal Pt/n-ZnO/SiO2–x/Pt

synaptic heterostructures consists of platinum (Pt) elec-

trodes serving as the top and bottom electrical contacts.

The surface of the p-Si/SiO2 substrates was thoroughly

cleaned by acetone, ethanol, isopropyl alcohol (IPA), and

deionized water in sequence and dried by high-quality

nitrogen gas (99.99% N2). The titanium (Ti), serving as an

adhesion layer, and platinum (Pt) thin films with the

thicknesses of ~70 and ~80 nm, respectively, were

deposited by an El-5 ULVAC model e-beam evaporator

without breaking vacuum. Thereafter, p-Si/SiO2/Ti/Pt

substrates were transferred to a Unaxis VL-LA-PECVD

chamber and fully stoichiometric SiO2 with a thickness of

~100 nm was grown with a deposition rate of 40 nm/min

and a process temperature of 200 °C. Subsequently, p-Si/

SiO2/Ti/Pt/SiO2 substrates were cut into square pieces of

2 × 2 cm2 and processed for via-hole (~4 μm) develop-

ment by means of a photolithography (deep ultra violet)

mask and etching in a buffer oxide etchant (BOE) con-

sisting of the standard 6:1 volume ratio of 40%-NH4F in

H2O to 49%-HF in H2O, respectively. The BOE etching

conditions were varied next (15 s, 1 min 30 s) to gradually

reduce the thickness of the SiO2 in the via-hole pattern

and to form cone-shape protrusions in the SiO2 dielectric

matrix to deposit the n-ZnO thin films later. The n-type

semiconductor ZnO thin films were deposited in the ALD

reactor chamber at 170 °C with a precursor and a water

oxidant time of 0.4 s. After the second lithography process

at the via-hole area, the Pt top electrode with a thickness

of ~97 nm was grown in 100 × 100 μm2 square patterns by

using direct sputtering with Ar plasma at room tem-

perature. The complete device scheme is represented in

Fig. 1a.

Characterization and device test

The structural properties of fabricated Pt/n-ZnO/SiO2–

x/Pt synaptic heterostructures were characterized using

scanning transmission electron microscope (STEM) ana-

lysis. The cross-sectional TEM samples were prepared by

a common focus ion beam method, utilizing an FEI

Quanta 3D FEG dual-beam instrument. The upper device

surface was protected by a resin layer, then the device was

cut out in the exact via-hole region and sliced to thickness

of a few hundred nanometers. The high angle annular

dark field (HAADF)-STEM images were obtained using

JEOL JEM-2100F TEM operated at 200 kV and a lattice

resolution of ~0.1 nm. The FIB and TEM experiments

were performed in the Korea Advanced Nano Fab Center

(KANC). Electrical characterization of the Pt/n-ZnO/

SiO2–x/Pt synaptic heterostructures were investigated in

ambient air under controlled temperature (~25 °C) and

humidity (~28%) with a Keithley 4200—SCS semi-

conductor parameter analyzer by applying sweeping

voltages and specified voltage pulses with a 4225—PMU

ultrafast I–V module and two 4225—RPM remote

amplifier/switch modules. The humidity test was per-

formed with a homemade set-up chamber, where N2 gas

drying and a humidifier were utilized to control the level

of humidity in the range of 0% RH to 100% RH by ~5 ± 1%

RH per step.

Results and discussion
Material characteristics and switching mechanism

The Pt/n-ZnO/SiO2–x/Pt synaptic heterostructures

illustrated in Fig. 1a consist of two platinum (Pt) inert

electrodes, sandwiching a double switching layer of

semiconducting nanocrystalline (NC) n-ZnO and thin

SiO2–x dielectric thin films. The cross-sectional view

shows the effective contact area within the device and the

corresponding electrical characterization set-up. The

enlarged interface area reflects the cone-shaped NC n-

ZnO deposited via intentionally made protrusions in the

SiO2 dielectric thin film (see Methods section). Scanning

electron microscopy (SEM) of the planar view confirms

the 4 μm via-hole device size in Fig. 1b. Further, we have

obtained cross-sectional images of the via-hole device by

utilizing HAADF-STEM microscopy, as shown in

Fig. 1c–e. A smooth Pt/SiO2 interface is observed and a

quite rough Pt/n-ZnO interface is found, due to the BOE

pretreatment of the SiO2 dielectric thin film. However, as

we will show later, this rough interface has no impact on

the device reliability performance. The thicknesses of the

top and bottom electrodes, which are ~97 and ~80 nm,

respectively, as well as for the n-ZnO semiconductor

(~11 nm) and SiO2 dielectric (~34 nm) can be easily

defined. The darker contrast of STEM reflects a heavier

element with a corresponding higher atomic number.

Therefore, here, the n-ZnO and SiO2 thin films can be

distinguished clearly and, importantly, the existence of a

number of cone-shaped n-ZnO protrusions in the inten-

tionally protrusion-formed SiO2 dielectric thin films can

be clearly observed. To further investigate the cone-

shaped n-ZnO via SiO2 dielectric protrusions, high-

resolution STEM images were taken, as shown in

Fig. 1d, e. As confirmed from the STEM images, the

multiprotrusions of sizes of ~10–15 nm were formed in

the SiO2 dielectric under applied BOE wet etching treat-

ment in the vicinity of the 4 μm via-hole device, which is

found completely filled with NC n-ZnO thin films. Par-

ticularly, the cone-shaped NC n-ZnO thin film consists of

a few nanometers of randomly oriented and shaped

polycrystalline grains. From the high-resolution STEM

image shown in Fig. 1e, we were able to determine the

growth direction and crystallographic orientations of the

polycrystalline grains. The data shows that the lattice

fringes of the randomly oriented polycrystalline grains in

most cases measured to be ~0.52 nm, corresponding to
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the [0001] plane of the wurtzite ZnO crystal structure

with the growth direction along c-axis34,35. In addition,

the diffraction patterns with Fast Fourier transformation

(FFT) confirm the crystalline nature of the n-ZnO thin

films, whereas the SiO2 dielectric films are found in the

fully amorphous phase. In Fig. 1f, the energy-dispersive X-

ray spectroscopy (EDX) analysis determines the elemental

atomic ratio of each particular element at a given interface

and according to the thicknesses of the thin films.

Further evidence of the stoichiometric SiO2 thin film

and nanocrystalline protrusions of n-ZnO thin film can be

seen from the EDX mapping analysis in Fig. 2a.

To investigate the existence of oxygen-deficient regions

in the n-ZnO thin film, the EDX analysis was further

utilized. The near stoichiometric compositional profile of

n-ZnO thin film close to the top Pt electrode was found,

implying the presence of ~40 atom % Zn and ~40 atom %

O at the top of the Pt/n-ZnO interface, as shown in Fig. S1

(see supporting information). However, the cone protru-

sion area of n-ZnO thin film distinctly contains the high

oxygen-deficient region, detecting the presence of ~45

atom % Zn and ~24 atom % O by the EDX selected ele-

mental profile (yellow arrow), as shown in Fig. 2b. The

high oxygen-deficiency of the n-ZnO cone protrusion is

probably introduced by the formation of natural defects,

such as oxygen vacancies (Vo’s), nonlattice oxygen (Oo
x),

and zinc interstitials (Zni), in the randomly oriented

crystalline grains during n-ZnO thin film deposition36. As

the result, we expect that the asymmetric profile would be

formed out of oxygen and oxygen-deficiency regions

between the top Pt/n-ZnO interface and the n-ZnO cone

protrusion.

We discuss the switching mechanism of rectifying

diode-like Pt/n-ZnO/SiO2–x/Pt synaptic hetero-

structures and show that under reverse voltage bias

conditions, this device can exhibit important time-rated

plasticity characteristics, such as STP, LTP, PPF, θm

effect, etc., similar to a biological synapse. Figure 3 shows

the proposed switching mechanism of the device with

the cone-shaped n-ZnO semiconductor. The HRTEM

image of NC n-ZnO incorporated into the SiO2 dielectric

matrix is shown in Fig. 3a. The equivalent circuit ele-

ment of this device can be represented as one diode (1D),

i.e., a metal-semiconductor Schottky junction (top Pt/n-

ZnO interface), and one resistor (1R), i.e., the bulk of NC

n-ZnO thin film and a very thin SiO2–x tunnel barrier. It

is worth mentioning that this combinational 1D1R ele-

ment has already been specified as an electronic synapse

Fig. 1 Material characteristics of the device. a The schematic illustration of the Pt/n-ZnO/SiO2–x/Pt synaptic heterostructure device via the 4-μm

hole, the interface shows a close-up image of the device in the vicinity of the 4-μm hole, and the corresponding electrical set-up is also represented.

b The SEM image of the 4-μm via-hole device and the place of the cross-section. c The cross-sectional image of the device in the vicinity of the via-

hole taken by the TEM, where the film thicknesses can be easily defined. d High-resolution (20 nm scale) TEM image of the device interface, where

cone-shaped n-ZnO semiconductor protrusions are observed. e A high-resolution (5 nm scale) TEM image, in which randomly oriented

nanocrystalline n-ZnO grains with lattice fringes of ~0.52 nm are noted, corresponding to the [0001] plane of the wurtzite ZnO crystal structure. f The

EDX determines the elemental analysis of each particular thin film
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in the circuits for neuromorphic computational sys-

tems37,38. Here, we observe the cone-shaped n-ZnO

semiconductor with randomly oriented nanocrystallines,

which with contact to each other will form many GBs

connections. The primary transient conduction is

believed to take place at these GBs connections,

according to the defect chemistry considerations and

high resistivity of monolithic single-crystal ZnO mate-

rial35,39,40. It is also known that the ZnO possesses

covalent bonding (Zn–O bonding), which allows the

high mobility of oxygen (Oo) atoms; however, in ZnO,

the most likely oxygen vacancies formation (~1 eV) are

Vo
• and Vo

•• (single/double positive charged)41,42. Based

on the careful speculations in the EDX analysis above,

our device consists of two regions, as follows: first, a

nearly stoichiometric ZnO thin film at the Pt/n-ZnO top

interface, and second, highly oxygen-deficient (zinc-Zn

metal rich) region via cone-shape, confirming ZnO1–x

oxygen-deficient thin film existence as shown in Fig. 3a

(on the right side). Chen et al.43 reported previously that

the resistive switching in ZnO material is caused by the

migration of oxygen ions, leading to the transformation

between Zn-dominated ZnO1–x and ZnO thin films. At

the same time, Huang et al.44 researched the homo-

geneous resistive switching in the ZnO thin films, dis-

covering the current compliance-controlled

homogeneous interface resistive switching, which is

attributed to an asymmetric balance of the Schottky

barrier height. Considering the above, the next resistive

switching mechanism of our rectifying diode-like Pt/n-

ZnO/SiO2–x/Pt synaptic heterostructures is proposed as

shown in Fig. 3b. In the initial resistance state, (i) the

device consists of an asymmetric concentration profile

out of oxygen and oxygen-deficiency in the two sides of

the device, i.e., a metal-semiconductor Pt/n-ZnO

Schottky interface and the cone-shape filled with ZnO1–x

oxygen-deficient thin film, according to the EDX ele-

mental analysis. Further, under the reversed voltage bias,

(ii) the high oxygen vacancies generation/accumulation

driven by the inside-cone concentrated electric filed (E)

and elevated temperature (Joule heating) can push the

oxygen vacancies towards the top Pt/n-ZnO blocking

Schottky interface. Allen et al.45 studied the influence of

oxygen vacancies on the Schottky contacts of semi-

conductor ZnO thin films and found that the oxygen

vacancies tend to pin the ZnO Fermi level close to the Vo

(+ 2;0) defect level below the conduction band mini-

mum. Considering this, we speculate that the increased

concentration of oxygen vacancies near the top Pt/n-

ZnO interface will gradually reduce the Schottky barrier

height and will induce promoted transient conduction

behavior of the device. The subsequent increased con-

centration of oxygen vacancies, i.e., Vo
• and Vo

••,

according to the Kroger-Vink notation can be described

as following Eq. (1), as follows:

Oo $ V ��
o þ 2e� þ

1

2
O2 gð Þ ð1Þ

where the bottom register is the position and the upper

register is the charge, respectively. We note that our

device system is closed (the via-hole device structure

with top and bottom Pt electrodes and SiO2 surround-

ing); therefore, from Eq. (1), the release of gaseous

oxygen (1/2O2) will be preserved and pushed laterally by

the extended creation of oxygen vacancies and E, and

also, the released oxygen will not oxidize the top Pt

electrode (platinum is inert metal). Furthermore, under

removed negative voltage bias, (iii) the recombination

Fig. 2 Material analysis characteristics of cone-shaped n-ZnO thin film. a EDX elemental mapping in the vicinity of the 4-μm via-hole device

area, confirming each element interface and the ZnO protrusion cones. b The EDX analysis (yellow arrow) determines the oxygen-deficiency in the

cone protrusion ZnO thin film

Sokolov et al. NPG Asia Materials (2019) 11:5 Page 5 of 15



processes of the extended oxygen vacancies profile and

previously laterally pushed oxygen will occur. Subse-

quently, the recovery of the stoichiometric ZnO thin film

near the top of the Pt/n-ZnO interface will appear,

leading to the back-increased Schottky barrier height

and, therefore, the initial resistance state of the device.

Fig. 3 Switching mechanism of the device with the cone-shaped n-ZnO semiconductor. a The high-resolution (5 nm) TEM image, representing

the single cone-shaped n-ZnO semiconductor, which consists of numerous GBs connecting with each other, along which the transient conductance

change is believed to appear; the right panel shows the difference in the oxygen concentration found in the two regions, i.e., near the interface of

the stoichiometric ZnO thin film and inside the cone oxygen-deficient ZnO1–x thin film, confirmed by EDX elemental analysis. b The elaborated

resistive switching mechanism of the device is (i) with asymmetric oxygen concentration in terms of the ZnO interface and cone ZnO1–x thin films

existing in the initial resistance state of the device (ii) homogeneous drift and generation of oxygen vacancies under a high electric field creates trans-

conducting passes via Pt/n-ZnO Schottky barrier lowering (iii) due to the recombination of oxygen and oxygen vacancies, the device recover to its

high resistance state. c The biorealistic synaptic connection, in which the coming APs, either LFS or HFS, change the conductance of the synaptic

connection, either to STP or to LTP, by releasing certain neurotransmitter concentrations. d Biorealistic analog of identical spiking in the synapse,

where LFS has a lower impact on the conductance of the device than the HFS, triggered by the reduction of the Schottky barrier height of the Pt/n-

ZnO interface via interdiffusion of oxygen vacancies
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The proposed reduction reactions of the oxygen vacan-

cies, i.e., Vo
• and Vo

••, can be followed by:

O2 $ O�
2 þ V �

o ð2Þ

O� þ V ��
o $ Oo ð3Þ

It is also worth mentioning that additional factors, such

as oxygen vacancies repelling, GBs stress/strain release

and crystalline ZnO1–x phase transformation, could also

participate in the resistive switching behavior; however, in

comparison to the oxygen vacancies formation and dif-

fusion, their influence seems to be minor in the device.

Additionally, the resistive switching mechanism of the

device under the positive bias is shown in Fig. S2. Further,

the relationships between a real biological synapse and

rectifying diode-like Pt/n-ZnO/SiO2–x/Pt synaptic het-

erostructures are briefly discussed. Figure 3c shows the

schematic of a biological synapse. The synaptic cleft is an

area between the axon of a presynaptic neuron and the

dendrite tree of a postsynaptic neuron46. When spikes, or

action potentials (APs), arrive to the presynaptic neuron

connection, the edge of synaptic bulb starts to release

neurotransmitters to the cleft, which bind with the

receptors of the postsynaptic neuron to construct con-

ductive ion channels for signal transmission. Accordingly,

the enhancement of a postsynaptic potential (PSP) occurs,

whose amplitude can be defined by the connection

strength, namely, the synaptic weight, which can last in

the range of a milliseconds, implying the short-term

potentiation, to a few seconds/minutes, implying the long-

term potentiation, in respect to the rate of stimula-

tion32,33,47. Importantly, in neurobiological studies, LFS

and HFS by APs could cause short/long-term conductivity

enhancement in the synaptic cleft, respectively20–22. This

is called synaptic plasticity activation, which is argued as

being a basis of sensory memory (SM), STP, and LTP in

the psychological model of human brain memorization48.

Fig. 3d shows the schematic of the bandgap construction

of Pt/n-ZnO/SiO2–x/Pt synaptic heterostructures, oper-

ating under identical input spikes with varied frequencies,

i.e., LFS and HFS. As has been previously reported, the

diffusion of oxygen vacancies in the memristors is

strongly correlated with the impact effects induced by

high E and Joule heating, whereas identical different fre-

quency spikes are applied18. Therefore, we speculate that

under the impact of concentrated E, the accumulation and

homogeneous diffusion of oxygen vacancies, i.e., Vo
• and

Vo
••, in the cone-shaped n-ZnO thin films occur. With the

benefits the cone geometry created, i.e., the non-

equilibrium concentration profile of oxygen and oxygen

vacancies, the ions back-diffusion time constants could be

well correlated, while modifying the n-ZnO semi-

conductor oxygen-deficiency profile and the barrier

height of the metal-semiconductor Schottky con-

tact40,45,49,50. With negative spiking applied, when the LFS

arrives to the device, one spike starts to trigger a small

accumulation and a drift of charged species, however, due

to the long-time interval to the next spike, the triggered

concentration of accumulated defects will back-diffuse to

its equilibrium state and no enhancement of transient

conduction is observed. This state can be ascribed as the

SM state, where the initial state of current transient

conduction behavior occurs. Later, as the LFS time

intervals between spikes become shorter, the drift of ions,

i.e., Vo
• and Vo

•• oxygen vacancies, have less time to dif-

fuse back and in sequence the slow accumulation of

charged ions occurs, promoting the gradual increase of

transient conduction behavior. This state without external

spiking can last only for a few seconds, since the back-

diffusion of ions exists, and they can be regarded as STP

states. On the other hand, when the HFS arrives to the

device, due to the short time intervals between spikes and

the accordingly strong impact of the high electric field (E)

and the Joule heating effects on the drift diffusion of

oxygen vacancies, a strong and fast accumulation of the

defects is observed, causing the intensive gradual increase

of transient conduction behavior. Without external spik-

ing, this state can last for hundred/thousands of seconds,

indicating LTP states, similar to the plasticity effects

observed in biological synapses, as we discuss later.

The resistive switching characteristics of the device

Figure 4 displays the I–V characteristics of the Pt/n-

ZnO/SiO2–x/Pt synaptic heterostructures, namely, RS

behavior, memory retention loss, and cycling endurance.

First, the rectifying RS behavior of each device was

observed without any electroforming step, indicating

relatively high intrinsic conductivity of NC n-ZnO semi-

conductor thin films, and the current level is found in the

nano-ampere (nA) range, as shown in Fig. 4a. We esti-

mate the rectifying RS behavior of the device by the DC

voltage sweeping mode as 0 V→ 0.5 V→ 0 V→−0.5 V

and disclose the diode-like rectifying (IF/IR~ 17.6) resis-

tive switching behavior with opposite switching polarity of

SET/RESET memory operation. The rectifying diode

current behavior can be described with the thermionic

emission theory51, and it is dominated by (1) the recom-

bination/generation current, (2) the diffusion current, and

(3) the diffusion current at high level injection, for for-

ward bias, and defined as Eq. 4, as follows:

IS ¼ IR e
eV

nkBT � 1
� �

ð4Þ

where T and kB are the temperature and Boltzmann

constant, respectively, and n is an ideality factor, which

indicates the deviation from the ideal diode character-

istics. However, when a higher DC voltage sweeping bias

is applied as 0 V→ 2.5 V→ 0 V→−2 V→ 0 V, the

extinction of rectifying diode-like characteristics and
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nearly Ohmic transient conduction behavior is observed

in the device at the negative voltage side, as represented in

Fig. 4b (in semilogarithmic scale) and its inset (in linear

scale). Interestingly, the low resistance state (LRS) and

high resistance state (HRS) ratio differences of RON/

ROFF~ 11.12 at positive bias and RON/ROFF~ 22.42 at

negative bias were found, respectively. We believe that

this is attributed to the oxygen-deficient asymmetric

Fig. 4 The RS characteristics of the device. a The rectifying (IF/IR~ 17.6) diode-alike resistive switching at small DC voltages with opposite polarity

SET/RESET operation, (arrows show switching direction). b The RS behavior of the Pt/n-ZnO/SiO2–x/Pt heterostructure device (in semilogarithmic

scale) at higher DC voltages, where the SET/RESET operation is found with the difference in dynamic windows (RON/ROFF) upon the sign of the

voltage polarity, and the inset shows the RS behavior (in linear scale). c Gradual conductance change with overlapping hysteresis loops is displayed,

where the resistance multilevel state capabilities are shown in both the SET/RESET operations. d The memory retention characteristics of the device

show the exponential decay trends with the fitted parameters after a certain DC voltage bias potentiation at the SET operation. e Long memory

retention characteristics of the device display the capabilities of the LTP states in the device when high DC voltage bias is applied. f Endurance

characteristics of the device, where 100 consecutive cycles are applied to the device at maximum voltages of SET/RESET operation
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concentration profile found in the n-ZnO thin film via the

cone geometry, which is affected by the sign of the DC

voltage bias, and according to the balance in concentra-

tions of charged ion species, namely, oxygen vacancies Vos

and oxygen O2
-, changing by their internal diffusion ions

dynamic as discussed in the switching mechanism section.

To exhibit biorealistic synaptic characteristics, the device

should possess analog-type multilevel cell resistive

switching ability, which we explore in Fig. 4c.

When negative DC voltage bias is applied gradually as

(−0.5 V→−0.75 V→…), the current increases in

monotonic fashion with overlapping hysteresis loops

while switching the device step-by-step from HRS to LRS.

This procedure corresponds to the SET operation mode

of the memory. Similar steps with DC positive bias

applied (0.5 V→ 0.75 V→…) and the current decrease in

monotonic fashion corresponds to the RESET operation

mode of the memory device and is represented in Fig. S3.

Here, we note the fact that the current change difference

between the HRS and LRS at the SET operation is

approximately 20 times higher than at the RESET

operation, which is probably due to effective accumula-

tion of charged ion species under the negative bias near

the interface and corresponding top Pt/n-ZnO Schottky

barrier lowering, whereas their fast recombination occurs

under the positive bias. Additionally, since the accumu-

lated oxygen vacancies have specific time scales to decay,

we explore the synaptic characteristics via the transient

conduction behavior of the device only at the

SET operation mode of the device hereafter. In Fig. 4d–e

the retention memory characteristics of the Pt/n-ZnO/

SiO2–x/Pt synaptic heterostructures are discussed. Prior to

any DC voltage bias applied, the device was measured at a

small reading voltage of 0.1 V to obtain the memory’s

initial resistance state, i.e., HRS. Later, the −0.75 V voltage

bias was applied once and the device was immediately set

under the same reading voltage of 0.1 V and LRS#1 was

measured. After a considerably long-time, the device was

confirmed to return to its initial resistance state, i.e., HRS.

Interestingly, the device returns to its HRS even if the

device was subjected to the higher DC negative voltage

biases, namely, −1 V, −1.25 V, etc., indicating a device

plasticity capability similar to that of a biological

synapse22. Furthermore, we observe that all measured low

resistance states from LRS#1 to LRS#6 can be well-fitted

(black curves in Fig. 4c) with the stretched-exponential

function (SEF), which has notable similarities with a

human memory forgetting/retention curve in psycholo-

gical studies52, and can be written as follows:

I tð Þ ¼ I0 þ A exp
�t

τ

� �

ð5Þ

where I(t) is the relaxation function, I0 is the constant

background, A is the prefactor, and τ is the characteristic

relaxation time. By examining Eq. (5), we expect a rapid

drop when t«τ, followed by a quite slower decay when t»τ.

Indeed, this tendency is coincident with the description of

human memory loss, where a fast initial decline is fol-

lowed by a slow, long decay53. Therefore, in our device, as

shown in Fig. 4d, the τ can be used to define the STP

states, when t«τ and lasts only from a few to decades of

seconds, whereas LTP states can be defined, when t»τ and

it can last from a few hundreds to thousands of seconds.

This is also similar to the synaptic plasticity behavior,

where after learning, the rapid changes in cytoskeletal and

adhesion molecules contribute to the STP, whereas later

changes, which depend on the protein synthesis and early

modifications, could result in the persistence of

LTP33,47,54. In addition, we extract the parameters of the

fitted SEF function (Eq. 5) for some low resistance states,

i.e., LRS#1, LRS#4, and LRS#6, to show how they evolve in

time, as shown in Table 1.

Further, as displayed in Fig. 4e, we investigate the long

memory retention characteristics of the device to eluci-

date the resolution of the time scales of the device to

exhibit synaptic LTP states. It is found that with higher

DC negative voltage applied, the device can exhibit more

long-termed transient conduction characteristics. This

LTP state is important for the dynamic hardware-based

neuromorphic systems, where the long-time storage of

wij, high device resistivity, and large resistance dynamic

window, i.e., RON/ROFF ratio, are critical to perform the

learning operation efficiently. Furthermore, we studied

the endurance characteristics of the device by applying

DC sweeping voltages, as 0 V→ 3 V→ 0 V→−2 V→ 0 V,

in sequence and repeat them in 100 cycles continuously,

as shown in Fig. 4f. No notable degradation of the device

was observed, indicating highly uniform and reliable

resistive switching characteristics, which is required for

the proper electronic synapse operation. Moreover, the

Device-to-Device resistive switching variation has been

measured, as shown in Fig. S4. The pulse endurance

characteristics of the device showed the cycling durability

of the device up to 50,000 cycles without notable degra-

dation, as displayed in Fig. S5. The temperature-

dependent device resistive switching characteristics have

also been evaluated, as depicted in Fig. S6. The reduction

of hysteresis loops with an increase of the temperature is

found, which is attributed to the rearrangement of oxygen

Table 1 Summarized parameters of SEF, Eq. (5)

Rstates/parameters I0 A τ, s

LRS#1 6.88 −8.63 83.33

LRS#4 5.73 −3.72 175.44

LRS#6 5.092 −4.15 322.58
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in the ZnO thin films and subsequent improvement of the

defective sites of the Pt/n-ZnO Schottky interface and the

cone oxygen-deficient ZnO1–x region, leading to the

improvement of the diode rectifying behavior. However,

when the temperature decreases back to 30 °C, full

recover of the hysteresis loops are observed. Under the

“freeze” conditions (~0 °C), the device revealed the overall

current reduction of hysteresis loops, however, the SET/

RESET operations were sustainable, as shown in Fig. S7.

This is attributed to the decreased mobility of interface

defects at the Pt/n-ZnO interface and the decreased

mobility of the oxygen vacancies in the cone ZnO1–x thin

film region, leading to overall current leakage reduction of

the device. During the humidity test, no variation of the

Fig. 5 Artificial synapse functioning based on cone-shaped n-ZnO device. a The PPF phenomenon from guinea pig hippocampal cells studied

by Salin et al. (ref. 48). b The PPF phenomenon mimicked in the Pt/n-ZnO/SiO2–x/Pt synaptic heterostructures by applying single and double spikes,

respectively. c The PPF phenomenon characteristics extracted from the device by applying a series of double spikes with different interspike timing.

d The gradual conduction response of the synaptic device modulated by the voltage spiking amplitude, and the EPSC is changing upon the identical

spiking train arrival. e The EPSC self-decay characteristics after sufficient identical spiking (#200) is done to the device; here, the data are fitted with the

double-termed exponential decay function, in which time scales are distinguishable and dynamic; the relaxation time (τ1) can be defined as STP,

whereas the relaxation time (τ2) can be defined as LTP. f STP to LTP transition characteristics with a number of identical spikes applied to the device
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resistance state of the device was found, indicating the

ability of the device to work sustainability in wet ambient

conditions, as shown in Fig. S8.

Paired-pulse facilitation (PPF), excitatory postsynaptic

current (EPSC) self-relaxation, and short-term- and long-

term-potentiation (STP and LTP)

In neuroscience, the PPF is an important short-term

potentiation phenomenon, which is responsible for the

decoding of temporal information in visual or auditory

biosignals. The PPF state can be determined as when two

excitatory presynaptic spikes are applied to the device in

sequence, and so, the second spike, depending on the time

interval between the spikes, will create a larger excitatory

postsynaptic current (EPSC) than the first spike. In

addition, the larger time interval between two spikes will

cause a smaller EPSC enhancement, since the PPF effect is

induced by the remaining Ca2+ concentration triggered

by the first spike of presynaptic neuron, which also pro-

motes the total concentration level of Ca2+ ions, whereas

the second spike of the presynaptic neuron will generate

the relative EPSC amplitude upon the time arrival32. The

above discussion can be easily followed by the results

from guinea pig hippocampal cells studied by Salin et al.

and represented in Fig. 5a55. In Fig. 5b, we are mimicking

the PPF phenomenon in the Pt/n-ZnO/SiO2–x/Pt synaptic

heterostructures by similarly applying two identical and

non-overlapping spikes. First, we apply one spike (1 ms,

−1.25 V) to the device and measure the current response

as (A1) amplitude. Later, we send double spikes (same

parameters) to the device with the small time interval

(~50 μs) between the spikes, and measure the current

response as (A2) amplitude. Even though the gain of

EPSC, calculated as (A2/A1 ~ 1.11), is quite small, we

intentionally apply small spiking parameters (1 ms, −1.25

V) to show that even a low-power spiking operation

(~11.25 pW/spike) can be utilized in our synaptic device,

which is quite close to that of biological synapses (~10

pW)56. This increase in EPSC states could be explained by

the drift and accumulation of charged ion species induced

by E and Joule heating, as discussed in the section of the

resistive switching mechanism. Similar to the biological

studies, where the residual effects of Ca2+ dynamics, after

the first spike arrival, have an impact on the EPSC

enhancement when the second spike arrives, indicating

further diffusivity and concentration enhancement of the

Ca2+ ions. For a better illustration of the PPF phenomena,

we used separate multiple double spikes (1 ms, −1.5 V)

with different time intervals between them. Subsequently,

we extract and calculate the EPSC states difference

between the first and second spikes and show experi-

mentally the time interval dependence of two applied

spikes, as displayed in Fig. 5c. The same analogy of EPSC

enhancement can be noted as that of biological systems,

as shown in Fig. 5a. As the time interval between two

spikes becomes longer, the accumulated concentration of

charged ions species is expected to fully diffuse back to its

original equilibrium state; therefore, almost no EPSC

improvement is observed. On the other hand, a shorter

time interval between two spikes can induce significant

EPSC enhancement in the device due to enhanced accu-

mulation of defects. In addition, the time response of PPF

characteristics in the device seems to be approximately

ten times faster than that in biosynapse, in terms of the

interspiking time interval, ranging from μs to ms, whereas

in biological systems, it is hundreds of ms. This could

potentially be used in neuromorphic architectures oper-

ating within high-frequency spiking. In Fig. 5d, we eluci-

date the synaptic potentiation characteristics, i.e., EPSC

enhancement, where identical spikes (1 ms) with varied

overall voltage amplitudes (−1.1 V…−1.9 V) were used to

observe the gradual synaptic potentiation response of the

device. The device EPSC amplitudes were extracted

immediately by the small read voltage (0.1 V) after each

number of spiking trains applied to the device.

A higher EPSC amplitude is observed when a train of

identical spikes is applied to the device with a higher

voltage amplitude. This is attributed to the enhanced

diffusive dynamics of the charged ion species by high and

concentrated E and induced Joule heating effects. Later,

when a sufficient number (#200) of identical spikes are

applied to the device, the EPSC self-decay characteristics

are immediately measured after by the long-time (10 ms)

reading voltage (0.1 V) pulse, as shown in Fig. 5e. No

matter how high the voltage amplitude with identical

spikes applied was, we always observe EPSC self-decay to

its initial current level or initial resistance state, con-

necting it to the “self-back off” diffusion of asymmetric

concentration of oxygen vacancies existing in the cone-

shaped n-ZnO semiconductor and discussed above. We

merely discover that, when a higher voltage of identical

spikes are applied to the device, after, the EPSC self-decay

is respectively higher and takes a longer time to relax to its

original state, which is reasonable since the higher voltage

spiking induces a higher concentration and accumulation

of charged ion species, which takes a longer time to

recombine.

Furthermore, we fit the experimental EPSC self-decay

data with the double-exponential function, which is also a

part of the stretched-exponential function discussed

above in Eq. (5), as follows:

I Δtð Þ ¼ I0 þ B1 exp �
Δt

τ1

� �

þ B2 exp �
Δt

τ2

� �

ð6Þ

where I0 is the constant background, B1 and B2 are the

prefactors, t0 is start point time, and τ1 and τ2 are the

characteristic relaxation times.
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In this case, we can extract the different double-term

synaptic memory retention characteristics of the device,

as relaxation time τ1- being an STP state, and relaxation

time τ2- being an LTP state, and we summarize the

parameters of Eq. (6) in Table 2.

The difference between the τ1 and τ2, time scales is

approximately one order of magnitude; therefore, the STP

and LTP states could be defined in this time scales dif-

ferently. Figure 5f shows the transition from STP to LTP

by the same frequency but different numbers of identical

spikes (−1.9 V, 1 ms) arriving to the device. We observe

that after five identical spikes are applied to the device, the

EPSC has a rapid drop in the beginning (~0.1 ms), fol-

lowed by a fast decrease of the EPSC to its initial state.

However, after N= 200 identical spikes are applied to the

device, a higher EPSC change is detected, which also has a

rapid drop in the begging (~1ms) but is followed by a

long-time (~100 ms) slow decay of EPSC, indicating that

the LTP state can be obtained by HFS spiking with a high

number of pulses or by repetitive HFS spiking trains57. To

further support the LTP state58, the device was poten-

tiated by high voltage spiking (−3.75 V, 1 ms, #200), and

after, the LTP states were read-out by a small non-

disturbing voltage pulse (0.1 V) as shown in Fig. S9. Based

on these plasticity behaviors, we further elaborate on the

spike-rate- dependent plasticity, namely, the SRDP rule.

As displayed in Fig. S10, for the realization of the SRDP

rule, we used a fixed number of identical spikes (#7,

−1.25 V, 1 ms) with varied time intervals between spikes

from 7ms to 100 μs. When the time interval between

spikes is becoming shorter, the higher transition con-

ductance changes, i.e., a higher EPSC amplitude is

observed, indicating the real-time interspiking frequency

dependence of the device.

Sliding threshold (θm) effect, history-dependent plasticity,

and learning experience

We investigate the EPSC amplitude variations depend-

ing on the continuous spiking trains arrival from the

presynaptic neuron, which are described in two terms, i.e.,

LFS and HFS, as shown in Fig. S11a. With analog to

neuroscience, where the Bienenstock, Cooper, and Munro

(BCM) theory59 describes the synapse in which synaptic

weight (potentiation/depression) exhibits strong

dependence on the frequency of the spiking trains arrival,

i.e., APs. Correspondingly, the trigger of gradual transient

conduction behavior of the device should be higher at the

HFS than at the LFS due to the dynamic short response

time of the charged ions, which also closely mimics the

Ca2+ ions concentration accumulation effects of that in

biosynapses. Moreover, high-frequency spiking means

small intervals between spikes, during which the charged

ion species has no time to decay to their initial state and,

as a result, significant accumulation of the charged ion

species can be induced in the device. In addition, recent

studies based on the resistive switching phenomenon also

show a similar frequency dependency in the device’s

active elements, e.g., WOx or bilayer HfOy/HfOx

oxides 60,61.

The frequency-dependent synaptic weight change is

explored in our Pt/n-ZnO/SiO2–x/Pt synaptic hetero-

structures, as shown in Fig. S11b. We imply identical

spike trains (#50, −1.75 V) with varied interspiking fre-

quencies, and after reading the voltage (0.1 V) of each

spiking train, we extract the transient conductance change

of the device. Later, we calculate the relative synaptic

weight change as follows:

Δw %ð Þ ¼
GState � GInitial

GInitial
ð7Þ

where GState is a conductance state after spiking train

arrival, and GInitial is an initial conductance state of the

device.

We note that the significant transient conductance

change (Δw) of the device can be obtained when the

presynaptic neuron firing rate is approximately 30 to 50

Hz, showing that the accumulation of high charged ions

with relatively low interspiking frequency can be induced

in the device. In addition, the high transient dynamic

window (GState/GInitial ~4) can be effectively exploited.

In neuroscience, synaptic plasticity is a dynamic phe-

nomenon, including the overall stimulation history. Par-

ticularly, Bear et al21. studied that in biological synapse,

HFS typically causes the potentiation of the synaptic

weight, whereas LFS typically causes the depression of the

synaptic weight. However, importantly, the sliding

threshold or modification θm, as a function of the spiking

trains applied history, exists in the biosynapses of the

visual cortex and serves as the stability characteristic of

the synaptic dynamic. When a presynaptic neuron con-

stantly sends HFS spiking trains, θm shifts to the higher

frequency side and increases the threshold for further

synaptic potentiation (increase of wij), i.e., promoting the

conditions for synaptic depression (decrease of wij),

whereas, conversely, when the presynaptic neuron con-

stantly sends the LFS spike trains, the θm shifts to the

lower frequency side and decreases the threshold, i.e.,

promoting synaptic potentiation rather than synaptic

Table 2 Summarized parameters of SEF, Eq. (6)

ISelf-decay/

parameters

I0 B1 B2 τ1, ms τ2, ms t0

Aft. SET@-1.1V 9.86e-9 9.86e-9 6.62e-9 1.16 33.97

Aft. SET@-1.5V 7.88e-9 6.64e-9 1.02e-8 1.71 37.35 0.14

Aft. SET@-1.9V 1.20e-8 1.59e-8 1.39e-8 1.87 43.16
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depression, as shown in Fig. 6a. The important role of the

θm can be defined as the stability of the synapse, where

synaptic plasticity (weight) is governed within a specific

dynamic range in contrast to just being saturated at the

boundaries. To explore the θm effect in our Pt/n-ZnO/

SiO2–x/Pt synaptic heterostructures experimentally, we

apply groups of identical spiking trains (−1.75 V, 1 ms),

while varying the interspike frequencies, and monitor the

EPSC change of the device, as shown in Fig. 6b. In step 1,

the first spiking train with 60 Hz (to promote HFS) was

applied and induced a gradual conductance increase in

the device. Next, in step 2, during the spiking train with

6 Hz (to promote LFS), the conductance gradually

decreases towards its initial current state of Iint~ 0 A

(orange arrow). However, after the spiking activity in 3, 4,

and 5 steps, we observe that the same spiking train with

6 Hz can cause the conductance to gradually increase

relatively to the initial current state (orange arrow). This

implies that not only do the HFS and LFS spiking define

the synaptic weight increase/decrease, respectively, but

also the sign and adaptability of the synaptic weight

modification, which has an obvious dependence on the

history of the applied spikes. To further understand the

sliding threshold phenomena, we elaborate an experiment

similar to that of Bear et al.’s research21. In this experi-

ment we first subject the device to the spiking train (#30)

with different interspiking frequencies (1, 2, and 6 Hz)

separately, and then apply another spiking train (#30) with

interspike frequency variations, i.e., from 1 to 120 Hz.

Later, we monitor the transient conduction change of the

device between the first spiking train (#30) and second

spiking train (#30). In the end, we calculate the EPSC

change between the first and second spiking trains and

plot it against the interspike frequencies of the second

spiking train. As shown in Fig. 6c, after the low prespiking

frequency (1 Hz), only an increase of the EPSC change is

observed in the device, since the next arriving spiking

trains all have higher interspiking frequencies. On the

other hand, when higher frequency prespiking (e.g., 2 and

6 Hz) is applied to the device, both the decrease/increase

Fig. 6 Frequency dependent artificial synapse characteristics of cone-shaped n-ZnO device. a The θm effect from the BCM theory, which

promotes synaptic weight potentiation or depression, depending on the whole history of arrived spiking trains (both LFS and HFS) to the device,

adapted from Bear et al. (ref. 18). b The identical spiking trains with different frequencies are continuously applied to the device to show the history-

dependent synaptic plasticity (orange arrows). c The sliding threshold (θm) effect realized in the device by applying two spiking trains (#30) with

different frequencies and calculating the respective EPSC responses between them, which is later plotted against the different interspiking

frequencies of the second spiking train. d Learning-forgetting-relearning behavior is emulated in the device when different frequency spiking trains

arrive (LFS and HFS). The dynamic synaptic weight, either potentiation or depression, is governed by internal dynamics of the charged ion species

and their respective generation/recombination processes
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of the EPSC change are possible, depending on the

interspike frequencies of the recently arriving spiking

trains. This results also suggest the evidence of the θm

effect existing in our device, where the sign of the synaptic

weight, either potentiation or depression, is strongly

bonded with the history of previously applied spiking

trains to the device. Finally, in Fig. 6d, we demonstrate the

learning-experience behavior in the device by utilizing

identical spiking trains with different frequencies, i.e., HFS

and LFS, respectively. First, sixty (#60) negative identical

spikes were stimulated to the device and a steep gradual

increase of the EPSC was observed, which is considered to

be the learning process. Further, by stimulating LFS

spiking to the device (6 and 1 Hz), the EPSC decay occurs,

where the fitting is consistent with Eq. (5), and which is

responsible for the human memory “forgetting curve.”

Then, when the next HFS spiking stimulation arrives to

the device, a further gradual increase of the EPSC is noted,

but now half as much spiking stimuli is required (#30

compare to the first #60) to recover the memory (to

induce EPSC increase) to its first learning level; however,

the HFS intensity drops from 60 to 12 Hz. Now, the θm

defines whether HFS or LFS spiking trains arrive to the

device, depending on the previous spiking frequency

activity. We believe that these types of synaptic behaviors

strongly bear the resemblance of the learning process

established in biological systems and could probably be

adapted in the modern hardware-based neuromorphic

systems.

Conclusion
The biorealistic rate-dependent synaptic plasticity,

which closely mimics the memory/learning plasticity in

biological systems, has been demonstrated in the rectify-

ing diode-like Pt/n-ZnO/SiO2–x/Pt synaptic hetero-

structures. The important synaptic plasticity behaviors,

such as STP and LTP memory retention characteristics,

PPF phenomenon, SRDP rule, and θm effect, simulta-

neously exist in the device. The STP and LTP retention

were found to be well-fitted with exponential and double-

exponential decay functions, resembling “human mem-

ory” learning and forgetting characteristics within well-

defined time scales. The PPF phenomenon along with the

SRDP learning rule were discovered to similarly follow the

plasticity behavior of that in biorealistic synapse, thanks to

the two critical features of the device, as follows: first, the

gradual conductance change in the SET/RESET opera-

tions; and, second, the internal ionic dynamics, i.e., dif-

fusion and accumulation of the oxygen vacancies and

charged oxygen, which enable analog transient con-

ductance behavior changes via lowering the Schottky

diode barrier height. The θm effect is explored to show the

importance of the biorealistic synaptic weight dynamic

stability when numerous spiking trains with either HFS or

LFS are applied to the device; however, the sliding

threshold effect dynamically governs the next synaptic

weight update according to the history of applied spiking

trains. Finally, by utilizing the above synaptic phenomena,

we successfully emulate the biorealistic “Learning-For-

getting-Relearning” synaptic behavior. In the future, these

findings could help to enable adaptive and dynamic

hardware-based neuromorphic systems working in a

fashion similar to that of our brain functioning.
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