
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

02
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Transition from s
aCollege of Science, Jinling Institute of Tech

rgbush@163.com; wangxq@jit.edu.cn
bCollege of Electronics and Information Eng

Nanjing 211169, China

Cite this: RSC Adv., 2022, 12, 33634

Received 31st August 2022
Accepted 17th November 2022

DOI: 10.1039/d2ra05483c

rsc.li/rsc-advances

33634 | RSC Adv., 2022, 12, 33634–
ynaptic simulation to nonvolatile
resistive switching behavior based on an Ag/
Ag:ZnO/Pt memristor

Yong Huang, *a Jiahao Yu,b Yu Kongb and Xiaoqiu Wang*a

The advent of memristors and the continuing research and development in the field of brain-inspired

computing could allow realization of a veritable “thinking machine”. In this study, ZnO-based memristors

were fabricated using a radio frequency magnetron sputtering method. The ZnO oxide layer was

prepared by incorporating silver nanocrystals (NCs). Several synaptic functions, i.e. nonlinear transmission

characteristics, short-term potentiation, long-term potentiation/depression, and pair-pulse facilitation,

were imitated in the memristor successfully. Furthermore, the transition from synaptic behaviors to

bipolar resistive switching behaviors of the device was also observed under repeated stimulus. It is

speculated that the switching mechanism is due to the formation and rupture of the conductive Ag

filaments and the corresponding electrochemical metallization. The experimental results demonstrate

that the Ag/Ag:ZnO/Pt memristor with resistive switching and several synaptic behaviors has a potential

application in neuromorphic computing and data storage systems.
1. Introduction

Aer the resistor, capacitor, and inductor, as the fourth type of
passive fundamental electronic device, the memristor can
realize 0 and 1 information storage functions, and has the
advantages of non-volatility, high speed, low energy consump-
tion, high endurance, simple structure, and compatibility with
CMOS technology.1 It has wide application prospects. It can not
only meet the performance requirements of the next generation
of high-density information storage and high-performance
computing for general-purpose electronic memory, but also
realize the functions of non-volatile state logic operation and
brain-like morphology calculation. As for electronic memory,
resistive random access memory (RRAM) has been deeply
investigated and is predicted to become the future general
memory device.2

Transition-metal oxides (ZnO, HfO2, TiO2, Ta2O5, Ga2O3,
CuO, NiO, and others) are promising information storage
medium for RRAM.3,4 They are usually fabricated using solution
methods5 and vacuum methods such as sputter,6 pulse laser
deposition,7 atomic layer deposition,8 and so on. In recent years,
the memristor based on transition-metal-oxide has been put
forward as a competitive candidate to imitate synaptic functions
in bionic neuromorphic systems, because of their structural
similarity with sandwiches, gradually or suddenly changing
nology, Nanjing 211169, China. E-mail:
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resistance, low energy consumption and convenience for
intensive 3D integration.9,10 In biological synapse, several ions
(e.g., Ca2+, Na+, K+) decide the release of neurotransmitters from
presynapse to postsynapse.11 Similar to biological synapses, the
conductance of oxide-based memristors can be changed by the
movement of cations (e.g., Ti4+, Ag+) in the oxide layer,12–16which
can vividly imitate the dynamic mechanism of neural synapses.
Up to now, several synaptic functions, for example, nonlinear
transmission characteristics, short-term potentiation (STP),
long-term potentiation (LTP), long-term depression (LTD), and
pair-pulse facilitation (PPF),16–18 have been realized with the
oxide-based memristors. Moreover, many oxide-based mem-
ristor can imitate bio-synapse and reveal nonvolatile resistive
switching characteristics at a single device, which is very
important for the construction of bionic neuromorphic
system.3,12,16

ZnO-based memristor is one of the earliest studied.5,6,19–21

Because ZnO is a wide band gap (3.37 eV) semiconductor, which
has stable chemical stability, no pollution and low price.
Utilizing ZnO as a resistive switching layer may still present
some interesting performance. In this study, we manufactured
ZnO-based memristor using a full sputter method. And the ZnO
layer was prepared by incorporating the Ag NCs. Which can play
a charge trapping role in the memristor structure or it can be
responsible for the localization and improvement of the
stability of the conductive lament or it can play a part in the
formation of the conductive lament under applied bias.22

Multiple features including synaptic characteristics and
nonvolatile bipolar resistive switching were achieved succes-
sively in one memristor device. These results prove the
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra05483c&domain=pdf&date_stamp=2022-11-23
http://orcid.org/0000-0002-1065-8055
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05483c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012052


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

02
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
characteristics of ZnO-based memristor for both neuromorphic
computing and data storage systems.
2. Experimental procedure

In the rst step, ZnO lm with a thickness of 50 nm was
deposited on the clean Pt/Ti/SiO2/Si substrate by radio
frequency (RF) magnetron sputtering at room temperature. The
RF power was 75 W and the pressure of the chamber 2 Pa in
a mixed atmosphere of Ar and O2. Secondly, the Ag NCs was
deposited on the surface of ZnO/Pt by the same sputtering
method. The RF power was reduced to 30 W and pressure 0.1 Pa
in only Ar atmosphere. The sputtering time only needs 10
seconds. Thus, Ag NCs were formed on the surface of ZnO lm.
Thirdly, the other half ZnO lm was deposited. Finally, a piece
of stainless steel mask covered on ZnO lm, and the Ag top
electrodes with diameters of 100 mm were deposited on this
structure still by sputtering. The samples with Ag NCs doped are
labeled as ‘Ag/Ag:ZnO/Pt’, as schematically shown in Fig. 1(a). In
our previous work,6 the detailed fabrication process was
described and the physical properties of the ZnO thin lm have
Fig. 1 (a) Schematic illustration of the memristor device based on ZnO w
of the synapse, containing the synaptic cleft; pre and post-synaptic mem
The elemental mapping image of Zn, Ag, Pt, Ti and Si, respectively. (e) T

© 2022 The Author(s). Published by the Royal Society of Chemistry
been characterized. For electrical measurements, an Agilent
B1500A semiconductor parameter analyzer was used to imitate
biological synapse properties of the device at room temperature.
The Pt bottom electrode was grounded and the voltage was
applied to the Ag top electrode during the measurement.
3. Results and discussion

Fig. 1(a) and (b) show the schematics illustration of Ag/Ag:ZnO/
Pt memristor device and an essential biological neural system,
respectively. Interestingly, the Ag top electrode can imitate the
presynaptic neuron, the ZnO layer imitates the presynaptic cle
and the Pt bottom electrode imitates the postsynaptic neuron,
respectively. As can be seen from Fig. 1(b), a presynaptic neuron
(PRE) links a postsynaptic neuron (POST) through a synapse.
While a PRE sends a spike, the action potential is communi-
cated by its axon to the biological synapse, and lots of neuro-
transmitter governs the synaptic weight.23,24 The biological
synapse can be imitated by a memristor device, where the
resistance between the top electrode (TE) and the bottom elec-
trode (BE) is dominated by the defect or dopant distribution in
ith Ag nanocrystals embedded and the test configuration. (b) Structure
brane. (c) Cross-sectional side view SEM image of the Ag:ZnO film. (d)
he Ag element distributed in the ZnO film. (f) The EDX spectrum.

RSC Adv., 2022, 12, 33634–33640 | 33635
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a switching layer, such as TiO2, HfO2, ZnO etc.2,6,15 Fig. 1(c)
presents the cross-sectional scanning electron microscopy
(SEM) image of the ZnO lm. As can be seen, the total thickness
is about 100 nm. Fig. 1(d) presents SEM-energy dispersive X-ray
(SEM-EDX) elemental mapping of Zn, Ag, Pt, Ti and Si, respec-
tively. And Fig. 1(e) shows the distribution of the Ag element.
Which reveals that the Zn and Ag as main elements are
homogeneously distributed in the entire region (Fig. 1(d) and
(e)). Fig. 1(f) shows the EDX spectrum taken from Fig. 1(c). The
result illustrates the chemical element composition of the
sample with silver, platinum, titanium, oxygen and zinc present
in the spectra.

In fact, synapses can be regarded as two-terminal devices,
which have unique nonlinear transmission characteristics. The
strength of the connection between neurons determines the
transmission efficiency, which can dynamically change with the
training of stimulation signals or inhibition signals, and keep
a continuous changing state. Memristor has the characteristic
that its resistance can change continuously with the electric
quantity owing through it. This nonlinear electrical charac-
teristic is highly similar to the nonlinear transmission charac-
teristic of synapse. The applied direct current (DC) voltage was
warily used to prevent sudden transformation in resistance
state from high to low. As shown in Fig. 2(a) and (b), when 10
continuous scanning positive voltage (0 to 0.8 V) and negative
voltage (0 to −0.4 V) are applied to the device, the current will
Fig. 2 Memristor properties and its simulation as a synapse. Measured I–
current and voltage data versus time for the device in (a) and (b) highlight
the device conductance during consecutive sweeps.

33636 | RSC Adv., 2022, 12, 33634–33640
continuously increase or decrease. It can be seen that with the
increase of bias voltage, the resistance of the device decreases
gradually. And the resistance of the device in the next scan is
lower than that in the previous scan. When the reverse voltage is
applied, the resistance of the device gradually increases. The
change of current shows the characteristic of nonlinear trans-
mission with the scanning of voltage, and shows the trend of
continuous change with multiple scans. In order to clearly
illustrate the changing trend, the curves of current and voltage
versus time are plotted again in Fig. 2(c). In addition, the change
of resistance value aer each scan also clearly shows that it
gradually decreases with the positive voltage, and vice versa
(Fig. 2(d)). If we regard the conductance of the device as the
synaptic weight, the above results are similar to the nonlinear
transmission characteristics of biological synapses.

The conductance can be gradually modulated by applying
a series of programmed pulses. As can be seen in Fig. 3, by
applying 50 positive pulses (+1 V, 1 ms) and 50 negative pulses
(−1 V, 1 ms) to the memristor, it is found that the device
conductance continuously increases and decreases. The
modulation of conductance can be regarded as a consequence
of the migration of Ag ions caused by the electric eld.17,25 Based
on the memristor, the LTP and LTD behavior of synapses is
simulated.

The function of STP is very important to the execution of
computational actions in the biological neural system. Which
V properties of the device (a) positive part and (b) negative part. (c) The
ing the change in current in sequential voltage sweeps. (d) Changes of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The device conductance can be gradually increased or
decreased by continuous potentiating or depressing pulses. The inset
is diagram of 100 pulses. P, 1 V, 1 ms; D, −1 V, 1 ms; R, 0.1 V, 1 ms.

Fig. 4 The threshold switching (TS) I–V loops with low compliance
current (500 nA).

Fig. 5 (a) The diagram of PPF phenomenon in a biological synapse. (b)
The PPF property of the device.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

02
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
can be imitated through the volatile properties of mem-
ristor.16,17 Fig. 4 exhibits the property of volatile threshold
switching (TS) in the Ag/Ag:ZnO/Pt device under DC voltage
sweeping with very small compliance current (500 nA). When
the positive voltage applied on TE of the device, the current
increases quickly at the threshold voltage (0.4 V), and then the
device switches to the low resistance state (LRS). With the
voltage falling below a certain value (0.2 V), the LRS reverses
back to original high resistance state (HRS) spontaneously. It
can be inferred that the interfacial energy minimization leads to
spontaneous fracture of the slim Ag lament, which contributes
to the volatile TS property.16 Furthermore, conductive laments
have been found directly by in situ transmission electron
microscopy.15,16,26

Fig. 5(a) describes the PPF function in a biological synapse.
That is, under the stimulation of two consecutive spikes (orange
line), the second postsynaptic response current becomes larger
than the rst (green line), and the interval between the two
spikes is less than the recovery time.17 Similarly, as shown in
Fig. 5(b), in our device, the PPF function can be simulated by
two continuous pulses (1 V, 1.2 ms) with transient time
© 2022 The Author(s). Published by the Royal Society of Chemistry
separation (1 ms). The second response current of stimulus
pulse is obvious greater than the rst (green line). This is
because the relaxation time of Ag atoms in RS layer is longer
than the interval time between two sequential pulse stimula-
tions. So the conductance of the device increases accordingly.17

While the device is tested under a higher compliance current
(CC) of 10 mA, a transition from synaptic simulation to
nonvolatile resistive switching behavior can be obtained. It can
be seen from Fig. 6(a) that an obvious bipolar resistive switching
behavior is observed in the Ag/Ag:ZnO/Pt device. The device
current reaches the CC at a voltage of about 0.3 V, and the device
switches from the HRS to the LRS. Different from the LRS ob-
tained under a lower CC (500 nA) shown in Fig. 4(a), the
conductive LRS obtained under the CC of 10 mA can be main-
tained even aer the imposed positive voltage disappears,
which indicates the nonvolatile resistive switching behavior of
the Ag/Ag:ZnO/Pt device. Aerwards, by sweeping the voltage
from zero to a negative voltage, a sudden drop of the device
current can be observed at a reset voltage of about −0.2 V, and
the device can be switched back to the HRS. In order to further
investigate the effect of the CC on the resistive switching
behavior, higher CCs of 25 mA, 50 mA, 100 mA are applied in
order. Fig. 6(b)–(d) show the similar typical I–V characteristics of
the Ag/Ag:ZnO/Pt device under the next three CCs. Interestingly,
different from Fig. 6(a) and (b), a gradual drop of the device
current can be observed at a reset voltage of about −0.3 V in
Fig. 6(c) and (d), which suggests that the sudden and gradual
reset can be converted in a single Ag/Ag:ZnO/Pt device by
controlling different CC. These results conrm that Ag+ ions can
RSC Adv., 2022, 12, 33634–33640 | 33637
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Fig. 6 (a)–(d) I–V hysteresis curves with different I
CC

values for Ag/Ag:ZnO/Pt RRAM device, showing the sharp reset converted to the gradual
reset while I

CC
reached 50 mA.

Fig. 7 While ICC increased, (a) RHRS and (b) RLRS decreased; (c) Iset and Vset increased; (d) Ireset increased.

33638 | RSC Adv., 2022, 12, 33634–33640 © 2022 The Author(s). Published by the Royal Society of Chemistry
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migrate into ZnO lm to form metallic conductive laments
across the oxide lm, and thus the device switches between the
HRS and the LRS. In addition, the Ag NCs inserted in the ZnO
lm can enhance the electric eld intensity, which facilitates
the formation and rupture of the Ag conductive lament and
keeps the performance of the device stable, as reported in many
previous work.2,6,27

To investigate the RS parameters of the device under four
CCs, the switching voltage, current, and resistance of the HRS
and the LRS were analyzed statistically. Fig. 7(a) and (b) show
the data of statistic of the RHRS and RLRS, respectively. The data
of maximum and minimum uctuation is obvious. The RHRS

value uctuated as (4170± 640 kU), (4470± 360 kU), (1120± 90
kU), and (540 ± 9 kU), and the RLRS value uctuated as (19.35 ±

2.5 kU), (7.75 ± 0.7 kU), (6.45 ± 0.5 kU), and (2.69 ± 0.1 kU)
under the four CCs, respectively. As can be seen, generally, the
higher the CC imposed on the device, the lower the resistance
value in HRS or LRS. And the on/off ratio always kept ∼102.
Obviously, the CC plays a signicant role in RS characteristic. As
CC increases, the conductive lament becomes thicker, and the
resistance of LRS decreases. Maybe the conductive laments
can't completely disappear during the reset process, which will
also greatly reduce the resistance of HRS. Fig. 7(c) and (d) show
the statistic data of Vset/Iset and Vreset/Ireset under the four CCs,
Fig. 8 (a) Endurance and (b) retention ability of the device using short
pulses (±5 V, 1 ms).

© 2022 The Author(s). Published by the Royal Society of Chemistry
respectively. Both Iset and Ireset exhibit an increasing trend when
the CC increases, while the Vset and Vreset are only uctuated in
a small range, Vset between 0.3 and 0.4 V and Vreset between−0.2
and −0.4 V, respectively. The measurement results show that
the Ag/Ag:ZnO/Pt device can be applied into both synaptic
emulation and bipolar resistive switching memory, making us
more possible to fabricate a true “thinking machine”.

In addition, under 100 mA CC, the endurance and retention
ability of the device were measured through applying pulse
stimuli, as shown in Fig. 8. A series of write/erase cycles stim-
ulated by short pulses, namely, 5 V, 1 ms bias for writing and
−5 V, 1 ms bias for erasing, respectively. The measured result of
the device is very stable. Which conrms the stability of
switching, and showing this switching is feasible for future
practical memory application.
4. Conclusions

In summary, we have veried that synaptic simulation and
nonvolatile resistive switching properties were achieved in one
device of Ag/Ag:ZnO/Pt through changing compliance current.
Several functions of bio-synapse, including nonlinear trans-
mission characteristics, STP, LTP, LTD, PPF were imitated. Aer
increasing the compliance current, the nonvolatile bipolar
resistive switching was observed. We can infer that both volatile
and nonvolatile switching mechanisms are due to Ag electro-
chemical metallization and the corresponding formation and
rupture of the conductive laments. The results indicate that
the as-fabricated devices possess potential application in the
neuromorphic and data storage systems.
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