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ABSTRACT: Nanocrystalline Au—Co3;0, thin films were fab-
ricated through a facile solution-processing method, and voltage-
polarity-dependent resistive switching (RS) characteristics includ-
ing variability of Set/Reset voltages, stability of cycling endurance,
and carriers transport mechanism were studied in the Pt/Au—
Co;0,/Pt memory devices. The switching voltages of the Set and
Reset processes in the bipolar RS memristors exhibited lower
variability as compared to the unipolar resistance switching devices.
Moreover, the switching performance of cycle-to-cycle endurance
in bipolar mode had a smaller fluctuation than those of unipolar @ Oxygen vacancies  Auatoms & Joule heat

switching behavior. Based on the current—voltage curve fitting

analysis, it was found that Ohmic-conduction behaviors dominated the carriers transport of low-resistance state regardless of
unipolar or bipolar switching behaviors. The carrier transport of high resistance state was governed following Poole—Frenkel
emission and Schottky emission mechanisms in the unipolar and bipolar switching modes, respectively. The physical switching
mechanism of Pt/Au—Co;0,/Pt memory devices was proposed using the model by means of growth and disruption of conducting
filaments, involved in memory effects of thermochemical mechanism and valence change mechanism in the unipolar and bipolar RS,
respectively. The proposed model following the finite element method revealed the roles of electrical field distribution and
temperature gradient to further clarify the RS mechanism. Our results open a door for understanding and optimizing oxide-based
thin-film resistance switching memory devices.

Unipolar
switching

1. INTRODUCTION unique advantages such as low-power consumption, fast speed
of reading/writing process, and compatibility with the
semiconductor fabrication process.””

RS effect can be classified into two types, unipolar and
bipolar switchin% behaviors, based on the characteristics of
voltage polarity."” The unipolar switching behavior exhibits the
demand of resistance switching on the external voltage polarity,
where Set or Reset operation changes occur on the same
polarity of the bias voltage applied to the electrode. Similarly,
during the bipolar switching process, the process of Set and
Reset changes occurs in opposite polarity of the external
voltage. Among them, a unipolar switching device allows a
diode as the selector in crossbar arrays to settle the sneak-path
issue, and one diode-one resistor structure owns advantages in
achieving the higher integration density for large-scale
integrated circuit applications.'' Bipolar switching devices

The innovation of the modern electronics and information
industries relies on high-performance storage technology.
Memristors based on the resistive-switching effect have
triggered enormous concerns due to their potential applica-
tions in artificial intelligence (AI), neuromorphic-computing
simulation, and logic-operation circuit.'~* Professor Chua
predicated theoretically the existence of memristors in 1971,
and Hewlett-Packard laboratories implemented a physical
prototype of the memristors with a sandwich structure until
2008.° In the time that follows, memristive technologies mainly
focus on resistive switching (RS) materials, physical RS
mechanisms, and advanced applications such as AI and
neuromorphic-computing simulation." Cao et al. reported
that memristor-based neural networks were used for the
preparation of different Al systems." Wang et al. fabricated a
flexible HfAIO,-based memristor, suggesting that their
memristor is capable of simulating brain-inspired neuro-
morphic computing behaviors, such as long-term plasticity
and long-term depression. The memristors for memory
applications are called resistive random access memory
(RRAM).” RRAM devices with a sandwich-based structure
are considered as a future promising competitor due to their

Received: May 9, 2024
Revised:  July 5, 2024
Accepted: July 9, 2024
Published: July 23, 2024

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.4c04429

v ACS PUb| ications 33941 ACS Omega 2024, 9, 3394133948


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuangye+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiacheng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongqiao+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c04429&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04429?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04429?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04429?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04429?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04429?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c04429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

—
QO
N

AuCo,0,film
[

Si substrates

Pt(111)

Intensity (a.u.)

Figure 1. (a) XRD pattern of a Au—Co30, thin film memory device. The inset displays the schematic diagram of Pt/Au—Co;0,/Pt structures. (b)
Cross-sectional SEM image of Au—Co;0, thin films grown on the Pt/Ti/SiO,/Si substrate. (c) AFM image of Au—Co;0, thin films. (d)
Corresponding three-dimensional surface AFM image of Au—Co;0, thin films.

can acquire faster switching speed, lower operation con-
sumption, and better uniformity/stability as compared to
unipolar switching device."" In previous research, unipolar and
bipolar switching behaviors are usually presented in different
devices, explained by different mechanisms, such as unipolar
switching according to thermochemical mechanism and
bipolar switching corresponding to electrochemical metalliza-
tion or valence-change mechanism.'> It may limit the
development of RS device miniaturization to some extent,
especially for the fabrication of memory devices with both
unipolar and bipolar functions. Integration of unipolar and
bipolar functions into a single RS device will greatly increase
the integration density for the realization of high-performance
information storage. Therefore, it is very important to develop
a unipolar-bipolar integrated memory device and understand
the reversible transition between unipolar and bipolar RS
behaviors. Furthermore, the above research situation motivated
us to explore the reversible switching mechanisms of unipolar
and bipolar RS behaviors. Over the past decade, the
investigation on RS mechanisms has hold dispute. At present,
the most widely accepted theory is the conducting filament
model where the random growth and disruption of conducting
filaments bring about the dispersed RS parameters.'”"”
Therefore, a deeper understanding of the RS mechanism is
still crucial for enhancing the reliability and stability of the
RRAM device.

From the perspective of exploring RS materials, lots of
materials have shown RS performance.ls‘w However, metal
oxides are more favored owing to their stable physical/
chemical characteristics, simple preparation, and compatibility
with magnetic/optical properties.'”'® Recently, spinel materi-
als have exhibited excellent RS characteristics, such as spinel-
structured oxides: NiFe,O,, CoFe,0, ZnFe,0, MnCo,0,,
and Co;0,,""~*° which suggested that the spinel structure of

materials owns superiority for RS application. Among them,
spinel-structure Co;0, is an outstanding candidate for RRAM
device applications because of the simple binary compositions,
friendly compatibility with magnetism, adjustable valence
conversion, and good p-type semiconductor properties.”*®
To date, there are relatively few studies of the RS properties of
spinel cobalt oxide (Co;0,). Our previous research work
confirmed that introducing Au nanoparticles into Co;O, thin
films can improve bipolar RS parameters of Co;0, thin film
devices, based on that Au nanoparticles can create an
enhancement of the local electric field.” In such a point of
view, it is speculated that the Au—Co;0, composite thin film is
desirable for RS memory device application. However, until
very recently, there is no report for unipolar RS properties of
Au—Co;0, nanocomposite device, and coexistence of unipolar
and bipolar switching characteristics as well as their reversible-
switching mechanism in a single memory cell based on spinel
Au—Co;0, nanocomposite thin films has not been reported
yet.

In this study, nanocrystalline Au—Co;0, thin films with
spinel structures were fabricated on Pt/Ti/SiO,/Si substrates
by using a facile solution-processing method owing to the
advantages such as high versatility, stable chemical homoge-
neity, low cost, and a simple fabrication of two-terminal
structures.'” Coexistence of unipolar and bipolar switching
behaviors was achieved in a single Pt/Au—Co;0,/Pt memory
device. The surface and cross-sectional morphologies of thin
films, voltage-polarity-dependent RS characteristics, and carrier
transport mechanism were explored. In addition, the differ-
ences of the RS mechanism between unipolar and bipolar
switching were clarified in terms of a physical model of
conductive filaments and oxygen vacancies.

https://doi.org/10.1021/acsomega.4c04429
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Figure 2. Typical I-V characteristics of (a) unipolar and (b) bipolar RS of Pt/Au—Co;0,/Pt devices. Statistical distribution of the Set and Reset
voltages of Pt/Au—Co;0,/Pt devices following (c) unipolar and (d) bipolar RS.

2. MATERIALS AND METHODS

2.1. Fabrication of Thin Films and Devices. Nano-
crystalline Au—Co;0, films were synthesized onto a Pt/Ti/
SiO,/Si substrate by using a low-cost solution-processing
method. The details for preparing spinel Au—Co;0, thin film-
based RRAM devices were reported in our previous research,”’
in which an appropriate Au concentration of 0.75% was
verified for RS enhancement. Accordingly, the amount of Au
additive obeyed the molar ratio of Au to Co;0, of 0.75%:1 for
preparation of the precursor solution. The synthesized-
precursor solution was spin-coated onto the surface of the
Pt/Ti/Si0,/Si substrate (bottom Pt electrode) at 3000 rpm
for 30 s and then baked at 300 °C for S min to eliminate the
residual organic matter. The operation of spin-coating and
baking was repeatedly carried out until acquiring the needed
film thickness. To improve compactness and crystallization of
thin films, the resultant thin films were thermally annealed at
600 °C for 1 h. After that a top electrode of platinum (Pt) was
deposited on the surface of the Au—Co;0,/Pt/Ti/SiO,/Si
stacked structure by means of a direct-current sputtering
method.

2.2, Material Characterizations and Measurements.
The crystal structure of the spinel Au—Co;0, thin films was
inspected by using the X-ray diffraction (XRD) technology
with a Rigaku D/Max-2400 diffractometer. Field emission
scanning electron microscopy (SEM, Gemini 500) was used to
observe the cross-sectional morphologies and film thickness of
the Au—Co;0, thin films. The surface and three-dimensional
morphologies of the Au—Co;0, thin films were obtained by
using Bruker-type atomic force microscopy (AFM). The RS
parameters of the Pt/Au—Co;0,/Pt stacked devices were
investigated by using a Keithley 236 sourcemeter, and
temperature-dependent current—voltage (I—V) curves were
measured from 200 to 300 K. The finite element method with
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COMSOL Multiphysics 5.4 was used to simulate the electric
field and temperature gradient distribution during the RS
process.

3. RESULTS AND DISCUSSION

The crystallinity of the Au—Co;0, thin films and Pt electrode
layer were examined by the XRD characterization, as shown in
Figure la, in which the inset shows the Pt/Au—Co;0,/Pt
stacked structure. The XRD pattern indicated that the
diffraction peaks of (220), (311), (222), and (511) are in
accordance with the cubic spinel lattice of the composite films,
confirming a single phase without impurity.”> Figure 1b
illustrates the cross-sectional SEM image of Au—Co;0, thin
films grown on Pt/Ti/SiO,/Si substrates. As can be observed,
the thickness of the thin films acting as an active layer for RS is
around 120 nm. Furthermore, AFM characterization was used
to observe the surface morphologies of Au—Co;0, thin films,
as shown in Figure 1c,d. The root-mean-square roughness is
S.11 nm, and the average roughness is 4.09 nm, demonstrating
that the surface of the solution-derived Au—Co;0, thin films is
smooth and compact. Based on AFM characterization, the
average size of surface particle is about 27 nm in view of the
profile confirmation, demonstrating the nanocrystalline nature
in our synthesized composite thin films.

Typical I-V characteristics of the Au—Co;0, thin-film RS
devices are plotted after an electroforming process, as shown in
Figure 2a,b. It can be observed from Figure 2a that a positive
Set operation switches device from high-resistance state (HRS)
to low-resistance state (LRS) owing to the formation of
conductive filaments, and the device is switched by a positive
Reset operation from LRS to HRS due to the disruption of
conducting filaments.”” This behavior is well matched to
unipolar RS that can be activated by the external bias voltage at
the same polarity. On the contrary, bipolar RS can be activated
by the external bias voltage at the opposite polarity such as

https://doi.org/10.1021/acsomega.4c04429
ACS Omega 2024, 9, 33941-33948
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Unipolar

H—O~C-OCT I

—o—LRS
—o—HRS Readat0.1V

Current (A)

10° 10’ 10° 10° 10*

Retention (s)

(b) 10"
Bipolar
10?
__10°
< —O—
= . LRS Readat0.1V
= 10 HRS
(9]
5 10°p
(§)
10°
10'7 1 1 1
10° 10' 10° 10° 10*

Retention (s)

Figure 4. Retention characteristics of Au—Co;0, thin film memory devices following (a) unipolar and (b) bipolar RS.

(a) 10 (b) 10° .
Unipolar Bipolar
102k Slope~1 102k Slope~1
-89 Poole-Frenkel 80|
- ¢ Schottky
2 10°k oS 9.0| 2 10° L -85
o 10°F 6 o 10°F — -95
c Slope] 92550 085 060 095 = Slope~1 i
8 . sart (V) 8 . To7 0.8 09
10°F 10° Sqrt (V)
. Ohmic conduction . Ohmic conduction
10 F 1 Yl il 1 10 E 1l 1l Il Il
0.1 1 10 100 0.1 1 10 100
Voltage (V) Voltage (V)

Figure S. (a) Double-log scale I-V curves of unipolar RS of Pt/Au—Co;0,/Pt devices. The inset shows the typical Ln (I/V) versus Sqrt (V) plot
of HRS under the unipolar RS mode. (b) Double-log-scale I-V curves of bipolar RS of Pt/Au—Co;0,/Pt devices. The inset shows the typical Ln

(I) versus Sqrt (V) plot of HRS under the bipolar RS mode.

positive Set process and negative Reset process, as shown in
Figure 2b. To further distinguish electrical characteristics of
unipolar and bipolar RS devices, Figure 2¢,d shows the Set/
Reset voltage distribution of 100 consecutive unipolar and
bipolar RS, respectively. The switching voltage uniformity of
the Set/Reset process can be evaluated by using a coeflicient of
variation (Cv) as follows®

5
Cv = — X 100%
JZ (1)

where 6 and p denote the standard deviation and absolute
mean value, respectively. As shown in Figure 2¢,d, compared
with the unipolar switching behavior, the bipolar switching of
the Au—Co;0, thin-film RS devices exhibits lower Cv values of
the Set voltages from 30 to 14% and Reset voltages from 12 to
7%, which suggested that bipolar RS owns more uniform
switching voltages in the Au—Co30, thin film memory devices.
The improved uniformity of switching voltages may be related
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to the variations of defect concentration such as oxygen
vacancies.”>”’

Figure 3 shows cycle-to-cycle endurance characteristics of
Au—Co;0, thin film memristors following unipolar and
bipolar RS. The resistance ratios (Ropp/Ron) > 10 were
observed, regardless of unipolar switching from Figure 3a or
bipolar RS from Figure 3b, which meets the requirements for
applications of RS memories.'” In addition, both of the
switching modes exhibited the identical resistance levels of
HRS and LRS. However, it can be found that the cycle-to-cycle
endurance performance at HRS of unipolar switching showed
an obvious fluctuation as compared to that of bipolar RS,
which may be attributed to random formation and rupture of
conducting filaments.”® The above results suggested that
bipolar RS exhibited better RS properties.

As can be seen in Figure 4, the current at HRS of unipolar
switching increased obviously as the retention time increased,
and the current at HRS of bipolar switching decreased a little,

https://doi.org/10.1021/acsomega.4c04429
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Figure 6. Temperature dependence of I-V curves of the Au—Co;0, based device at HRS following (al) unipolar and (a2) bipolar RS. (b1) Ln (I/
V) versus 1/T plot and (b2) Ln (I/T2) versus 1/T plot for HRS of the Au—Co;0, based device recorded from 0.5 to 0.6 V. Temperature
dependence of I-V curves of the Au—Co;0, based device at LRS following (c1) unipolar and (c2) bipolar RS.

but the ratio between HRS and LRS was still higher than 100.
The current at HRS of unipolar switching device exhibited a
large fluctuation after the retention time is over 5 X 10° s.
Compared with the unipolar switching device, no obvious
degradation over 10* s for the bipolar switching device
suggested a good retention performance, and it also confirmed
the nonvolatile nature of the RS device.

The carrier transport mechanisms were investigated based
on the fitting analysis of I-V curves, as shown in Figure S.
Figure Sa shows the double-log scale I-V curves of unipolar
RS of Au—Co;0, thin film memory devices during the Set
process, and the fitting of I-V curve at LRS is linear with slope
~1, suggesting an Ohmic conduction behavior and filament
formation. The I-V fitting curve at the low-voltage region of
HRS is also linear with slope ~1 and Ohmic conduction
mechanism, which can be attributed to that the injected carrier
concentrations are lower than the equilibrium-carrier concen-
tration.”” However, the I-V fitting curve at the higher voltage
region of HRS is nonlinear, which can be fitted by the linear
relation of Ln (I/V) versus Sqrt (V), as shown in the inset of
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Figure Sa, in accordance with the Poole—Frenkel emission
mechanism. Similarly, the I-V fitting curve of bipolar RS at
LRS and low-voltage region of HRS is linear (slope ~1) and
obeys Ohmic conduction behavior, as shown in Figure Sb,
while the high-voltage region of HRS can be fitted by the linear
relation of Ln (I) versus Sqrt (V), as shown in the inset of
Figure Sb, indicating the Schottky emission mechanism. The
fitted results of I-V curves at HRS of unipolar and bipolar RS
followed different carrier transport mechanisms, which may be
due to that the concentrations of trap or defects exhibited
variation via the combined roles of electrical field effect and
Joule-heating effect.”!

As can be seen from Figure 6al,a2, the measured
temperature increased from 200 to 300 K at HRS of the
Au—Co;0, based device, and the values of current increased,
which suggested that the resistances decreased with increasing
temperature regardless of unipolar or bipolar RS, correspond-
ing to semiconductor characteristics. For the unipolar RS, the
plot of Ln (I/V) versus 1/T at HRS of the Au—Co,;0, based
device recorded from 0.5 to 0.6 V is displayed in Figure 6bl.
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Figure 7. Schematic diagrams showing the RS mechanism of Pt/Au—Co;0,/Pt devices following different voltage polarities.
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The plot from 0.5 to 0.6 V is nearly straight line, which
suggested that the conduction mechanism of HRS for unipolar
RS was governed by Poole—Frenkel emission.”” For the
bipolar RS, Figure 6b2 depicts Ln (I/T?) versus 1/T plot for
HRS of the Au—Co;0, based device recorded from 0.5 to 0.6
V. The Ln (I/T?) versus 1/T plot is nearly straight line, which
confirmed that the conduction mechanism of HRS for bipolar
RS was in accordance with Schottky emission.”’ As shown in
Figure 6cl,c2, as the measured temperature increased, the
values of current decreased, and the resistances increased at
LRS of the Au—Co;0, based device regardless of unipolar or
bipolar RS, suggesting metal-like behaviors and formation of
conductive filament at LRS of the RS process.

Based on the above discussion, the transition of unipolar and
bipolar switching in the Au—Co;0, thin film-based devices can
be schematically illustrated by means of the model of growth
and rupture of oxygen vacancy-based conductive fila-
ments,”*”* as shown in Figure 7. During the positive Set
process, the local filamentary conduction paths formed in the
switching layer of thin films and the device switches from HRS

to LRS. That is, the oxygen ions motion because of transition
with oxygen coordination from lattice results in formation and
accumulation of multiple oxygen vacancies, and the local
filamentary conduction paths composed of oxygen vacancies
are then created in the switching thin films between the top
and bottom electrodes.’® Meanwhile, Au nanoparticles can
assist in the formation of confined oxygen vacancy-based
conducting filaments due to the enhancement of the local
electric-field effect which can guide the filament growth.
Following that (i) during the positive Reset (+Vpese:) process
of unipolar switching behavior, the device recovered to HRS
due to the Joule-heating effect derived rupture of oxygen
vacancy-based conductive filament,” and thus fused out the
weak part of the filaments.”* Although the local filamentary
path ruptured under the Reset switching process, some defects
such as oxygen vacancies and residue filament remained in the
films.” The Joule-heating dominated unipolar RS behavior
based on current-induced increase of the temperature can be
ascribed to the thermochemical memory effect.'” (ii) During
the negative Reset (—Vp..) process of bipolar switching
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behavior, the device turns back to HRS because oxygen
vacancies acquire transition to oxygen ions via redox reaction
following a negative voltage, as well as existence of the Joule-
heating effect due to the increase of temperature. The voltage
polarity-dominated bipolar RS behavior is in conformity with
the valence change memory effect because of the generation or
annihilation of oxygen vacancies, associated with the oxygen-
ion motion due to the electrical field effect.'> Therefore, the
reversible transition of unipolar and bipolar RS behaviors
between HRS and LRS was realized following the formation
and rupture of oxygen vacancy-based conductive filaments.

The bipolar RS characteristics of the Au—Co;0, thin film
device exhibited a more stable performance of RS. To obtain
better understanding of the bipolar RS mechanism in the Au—
Co;0, thin film device, we carried out a finite element
simulation by using COMSOL Multiphysics. The simulation
geometry is composed of two platinum electrode layers and the
composite Au—Co;0, active layer, as shown in Figure 8a. The
needed parameters of the simulation process are mainly the
material properties, as similar to a previous research work.*® In
this simulation, Supporting Information Table S1 displays the
material parameters related to the COMSOL simulation. The
electric field distribution of the Pt/Au—Co;0,/Pt device
during the Set process is shown in Figure 8ab, an
enhancement of local electric field was observed near Au
nanoparticles, and the conductive filament prefers formation
along the direction of the local electric field. As shown in
Figure 8c,d, the temperature gradient distribution of the Pt/
Au—Co5;0,/Pt device indicated that a maximum value
occurred near Au nanoparticles, reaching 2200 K/m, while
the edge of Au nanoparticles was lower than 800 K/m. The
local distortion of the electric-field and temperature-field effect
can induce that oxygen vacancies prefer to concentrate near Au
nanoparticles, which results in the formation and disruption of
confined oxygen vacancy-based conductive filaments, further-
ing reducing randomness of conductive filament growth and
improving RS parameters.

4. CONCLUSIONS

In summary, a Pt/Au—Co;0,/Pt sandwich structure device
fabricated via a low-cost solution-processing method was
examined for its RS characteristics in RRAM applications. I-V
measurements confirmed the coexistence of unipolar and
bipolar RS behaviors. Statistical analysis of switching voltages
suggested that the coefficients of variation of Reset and Set
voltages are only 7 and 14%, respectively, revealing better
uniformity in bipolar switching behavior. More stable cycle-to-
cycle endurance performance was achieved in the bipolar RS
behavior of Au—Co;0, thin-film devices. The conduction
mechanisms involve Ohmic conduction (dominant at LRS),
Poole—Frenkel conduction (dominant at HRS of the unipolar
mode), and Schottky conduction (dominant at HRS of the
bipolar mode). The switching mechanism was attributed to the
formation and disruption of oxygen vacancy-based conductive
filaments.
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