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Abstract: We propose a nonvolatile resistive random access memory device by employing nanodispersion of zirconia (ZrO2) 
quantum dots (QDs) for the formation of an active layer. The memory devices comprising a typical sandwich structure of Ag (top)/ 
ZrO2 (active layer)/Ti (bottom) are fabricated using a facile spin-coating method. The optimized device exhibits a high resistance 
state/low resistance state resistance difference (about 10 Ω), a good cycle performance (the number of cycles larger than 100), and 
a relatively low conversion current (about 1 μA). Atomic force microscopy and scanning electron microscope are used to observe 
the surface morphology and stacking state of the ZrO2 active layer. Experimental results show that the ZrO2 active layer is stacked 
compactly and has a low roughness (Ra=4.49 nm) due to the uniform distribution of the ZrO2 QDs. The conductive mechanism of 
the Ag/ZrO2/Ti device is analyzed and studied, and the conductive filaments of Ag ions and oxygen vacancies are focused on to 
clarify the resistive switching memory behavior. This study offers a facile approach of memristors for future electronic  
applications. 
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1  Introduction 
 

In the information age, given the continuous 
developments of computer technology and the uni-
versal applications of smartphones, the means of 
storing information is particularly important (Han 
et al., 2017, 2018; Jiang et al., 2017; Craig, 2018; 
Wan et al., 2018; Vescio et al., 2019). However, in the 
architecture adopted in traditional computers,  

computing and storaging functions are separated and 
performed by a central processing unit (CPU) and the 
memory, respectively (Liu et al., 2017; Zhou et al., 
2018; Wang et al., 2019). While the speed and ca-
pacity of the CPUs and memory are increasing rapidly, 
increases of bus speed for transferring data and in-
structions have been quite limited. Memristors or 
resistance random access memory (RRAM) can be 
used to not only store data but also implement logic 
calculations (Pan et al., 2014). Therefore, RRAM can 
effectively solve the problem of the speed mismatch 
between a CPU and memory, and improve infor-
mation processing efficiency. Strukov et al. (2008) 
proved the existence of resistive switching memory 
through a physical experiment, which initiated an 
upsurge in the RRAM research. Memristors have 
demonstrated that they can realize high resistance 
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state (HRS) (“Off” state) and low resistance state 
(LRS) (“On” state) conversion during operation. If 
the HRS or ‘‘Off” state in the logic is regarded as ‘‘0,” 
the LRS or ‘‘On” state in the logic is regarded as ‘‘1,” 
then the RRAM can realize information storage in a 
binary form (Sun et al., 2018b). Therefore, in recent 
years, memristors have been considered the most 
promising candidates for the new generation of non-
volatile storage devices (Chua, 2011; Kadhim et al., 
2018).  

Memristors can be prepared from a wide variety 
of sources, such as metal oxides (Liang et al., 2015; 
Lyu et al., 2015; Sun et al., 2018a; Yu et al., 2018), 
perovskites (Yan et al., 2016; Zhang et al., 2017), 
two-dimensional layered materials (Han et al., 2017; 
Zhao et al., 2017), and biological material (Sun et al., 
2018b). Metal-oxide structures have been extensively 
studied due to their low cost and simple preparation 
process, and zirconia (ZrO2) has emerged as a pro-
spective candidate for the active functional layer in 
memory devices (Emelyanov et al., 2019). ZrO2 has 
many advantages, such as a high dielectric constant, 
stable chemical properties, nontoxicity, and simple 
composition (Panda and Tseng, 2013; Xia et al., 
2018). Therefore, ZrO2 has been widely applied to the 
preparation of a variety of optical and electronic de-
vices (Panda and Tseng, 2013; He et al., 2019a). Re-
cently, due to the various advantages of ZrO2, RRAM 
devices based on a ZrO2 active layer have been pro-
posed (Emelyanov et al., 2019). However, the prep-
aration methods for RRAM devices are complex, as 
they usually involve a magnetron sputtering method 
(Wang et al., 2011; Emelyanov et al., 2019). As far as 
we know, using a simple spin-coating method for the 
preparation of an Ag/ZrO2/Ti sandwich structure has 
rarely been reported. In this work, aqueous nanodis-
persion of ZrO2 quantum dots (QDs), prepared using 
a hydrothermal method coupled with alkaline hy-
drogen peroxide (AHP) process, is used for the for-
mation of an active layer in the memristor of the 
memory devices fabricated in a typical Ag/ZrO2/Ti 
sandwich structure. The optimized device shows an 
HRS/LRS resistance difference (about 10 Ω), a good 
cycle performance (the number of cycles larger than 
100), and a relatively low conversion current (about 
1 μA) at room temperature. In this work, we demon-
strate the potential applications of ZrO2 QDs as an 

active layer in the fabrication of high-performance 
memory devices through a simple spin-coating 
method. 

 
 

2  Experiments 

2.1  Preparation of aqueous nanodispersion of 
ZrO2 QDs 

Aqueous nanodispersion of ZrO2 QDs was syn-
thesized using a conventional hydrothermal method 
coupled with an AHP process (He et al., 2019b). 
Zirconium carbonate basic (ZCB, CAS:57219-64-4, 
ZrO2 content>40%), sodium hydroxide (NaOH, 
99.99%), hydrogen peroxide (H2O2, 30%), and nitric 
acid as sources for reactions were purchased from the 
Aladdin Co., Ltd. (Shanghai of China), to prepare the 
aqueous ZrO2 nanodispersion. Deionized water was 
depurated using a Smart-S30 water purification sys-
tem (Hitech). For a typical experiment, 20 g NaOH, 
20 g ZCB, and 40 g deionized water were weighed 
and heated in a hydrothermal kettle at 110 °C for 6 h. 
All the products (including solids and liquids) were 
moved from the hydrothermal kettle to a 250-mL 
round bottom flask, and then 85 mL deionized water 
was added to dilute them. Finally, 5.1 mL H2O2 was 
added at 50 °C for 5 h under vigorous stirring. Sub-
sequently, the excess alkali solution was removed 
using a decantation process and the wet solids were 
washed repeatedly with deionized water to remove 
the excess ions. Finally, the wet solids were added to a 
diluted nitric acid solution (1.5 mol/L) to turn them 
into transparent and stable aqueous ZrO2 nanodis-
persion after stirring. 

2.2  Preparation of Ag/ZrO2/Ti sandwich struc-
tural memristors 

Fig. 1 shows the manufacturing process of the 
Ag/ZrO2/Ti sandwich structure. First, titanium foils 
(1 cm×3 cm×0.1 mm) were cleaned with alcohol in an 
ultrasound bath. Then, the titanium foil was fixed on a 
spin coater (KW-4A), and aqueous nanodispersion of 
ZrO2 QDs with a 1% solid content was pipetted onto 
the titanium foil with a pipette. The spin coater was 
set to 5 s (500 r/min) for the first cycle and 20 s 
(1500 r/min) for the second cycle. The titanium foil 
loaded with the ZrO2 nanoparticle layer was then 
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dried in a vacuum oven at 90 °C for 6 h. Then, Ag was 
sputtered on the top of the ZrO2 QD layer using a 
metal shadow mask to form the sandwich structure. 

 
 
 

 
 
 
 
 
 
 
 

2.3  Characterization 

The hydrated particle size of the ZrO2 QDs in the 
aqueous solution was tested by dynamic light scat-
tering (DLS, Malvern Nano ZS90, England). The 
density of the stacked layers and coating morphology 
of the ZrO2/Ti foil were examined using scanning 
electron microscope (SEM, Hitachi S4800). The 
surface morphology of the ZrO2/Ti foil was also in-
vestigated by atomic force microscopy (AFM, Bruker 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dimension Icon, Germany) with tapping-mode pat-
tern. The magnitude and morphology of the ZrO2 
nanoparticles were obtained using transmission elec-
tron microscope (TEM, Hitachi HT-7700). The lattice 
structure and size of the ZrO2 QDs were determined 
by high-resolution TEM (HRTEM, Hitachi H-9500). 
The particle size of the ZrO2 QDs in the TEM was 
statistically analyzed using the Nano Measurer soft-
ware. The X-ray diffraction (XRD) patterns of the 
samples were measured using an XRD-6000 diffrac-
tometer (Shimadzu Inc.). The current-voltage (I-V) 
curves of the Ag/ZrO2/Ti devices were measured with 
a CHI 660B electrochemical workstation (CH  
Instruments). 

 
 

3  Results and discussion 
 

ZrO2 QDs prepared using the hydrothermal 
method and AHP treatment are characterized (Fig. 2). 
According to the DLS results (Fig. 2a), the z-average 
particle diameter of the aqueous ZrO2 nanodispersion 
was 14.52 nm and the PDI value was 0.370, showing 
that the AHP-treated ZrO2 QDs had good  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Characterization of ZrO2 QDs: (a) DLS results of aqueous ZrO2 nanodispersion (inset: ZrO2 nanodispersion with  
1% solid content); (b) XRD curve of the ZrO2 nanopowder; (c) morphologies and structural characteristic of aqueous 
ZrO2 nanodispersion (inset: particle size distributions of single ZrO2 particles); (d) HRTEM of ZrO2 QDs 
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dispersibility in water. Fig. 2b shows that the phase of 
hydrophilic ZrO2 QDs was the single cubic phase 
(JCPDS: 49-1642) given their XRD patterns. The 
diffraction peaks were observed at 30.12°, 34.96°, 
50.22°, and 59.74°, corresponding to the crystal 
planes of (111), (200), (220), and (311), respectively. 
The ZrO2 QDs with cubic phase had the highest den-
sity and the most stable structure in the three crystal 
phases of ZrO2, and were an ideal choice for optoe-
lectronic applications (He et al., 2019b). Fig. 2c 
shows a TEM image of the aqueous ZrO2 nanodis-
persion, which had an average particle size of 4.40 nm. 
It can be seen from the TEM image that the ZrO2 QDs 
did not reach a monodisperse state, but mainly a small 
agglomeration formed by several particles. This cor-
responds to the DLS results that a small agglomera-
tion formed mainly by 2–5 ZrO2 QDs was obtained. 
Using the inorganic zirconium source as a raw mate-
rial to prepare the ZrO2 QDs, the growth of the hy-
droxyl group on the surface of the ZrO2 was promoted 
only by the oxidation of H2O2. It is not easy to obtain 
such a grade of aqueous ZrO2 nanodispersion without 
adding other surfactants or modifiers. At the same 
time, the surface of the ZrO2 QDs was treated by 
H2O2, which can increase the number of defect sites. 
The proportion of defect sites in the layer is related to 
the performance of the memristors. However, in this 
preparation method, factors such as surfactants or 
modifiers that can influence the performance of the 
memristors are avoided. In Fig. 2d, different lattice 
lengths can be observed to determine different crystal 
planes, in which (111) corresponds to 0.296 nm, (220) 
corresponds to 0.181 nm, and (200) corresponds to 
0.256 nm. This corresponds to the XRD results, 
demonstrating that the crystal phase of ZrO2 QDs was 
the cubic phase. 

Figs. 3a and 3b show the surface structure of the 
ZrO2-coated titanium foil. The hydrophilic ZrO2 
coating clearly showed a film formed by stacking a 
dense oxide on the titanium sheet. The thickness of 
the ZrO2 coating was observed by SEM at around 
500 nm (Fig. 3c). Fig. 3d depicts a three-dimensional 
AFM image of the ZrO2 coating on the titanium foil. 
The average surface roughness (Ra) of the ZrO2 sur-
face coating was 4.49 nm, which was close to the size 
of a single ZrO2 QD. 

Fig. 4a shows the consecutive I-V curves of the 
Ag/ZrO2/Ti sandwich structure, which was examined 

at a scanning rate of 0.1 V/ms from 0→1.5→0→ 
−1.5→0 V. To avoid permanent electrical breakdown 
of the Ag/ZrO2/Ti device, the compliance current was 
secured at 0.5 A. Results show that the device had a 
quick response even in very short time and a rela-
tively low switching current (about 1 μA). At the 
same time, it is found that the device exhibited a very 
typical resistive switching performance. As the for-
ward voltage decreased backswept, the device trans-
ferred from LRS to HRS. Fig. 4b shows a resistive 
switching behavior in a single cyclic sweep, which 
exhibited good “Set” and “Reset” performances. 
Considering the practical application of memristors, a 
stable cycle performance and a large HRS/LRS re-
sistance difference are necessary. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  SEM images (a and b), the cross sectional SEM 
image (c), and an AFM image (d) of ZrO2 coating on the 
titanium foil 
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Fig. 4  I-V curves of a single cycle when the voltage changes 
from 0→1.5→0→−1.5→0 V (a and b), and resistance 
curves vs. the number of cycles and time under a positive 
voltage of 0.875 V (c and d) 
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The resistance difference was obtained by con-
trasting the current density of the LRS (“On” state) 
with that of the HRS (“Off” state) at a specific voltage 
(0.875 V). Resistance memories of both the HRS and 
LRS were calculated (Figs. 4c and 4d). Results show 
that the HRS/LRS resistance difference was about 
10 Ω. It is also shown that the HRS/LRS resistance 
difference remained constant under a long cycle (the 
number of cycles larger than 100). The above results 
show that the Ag/ZrO2/Ti device has a stable  
performance. 

To realize the resistive switching mechanism in 
the devices, the curve was secured at a log-log scale 
(Figs. 5a and 5b). Figs. 5a and 5b show the I-V curves 
in the negative and positive voltage sections of the 
Ag/ZrO2/Ti device, respectively. Fig. 5a represents 
the charges distributed through the Ag anode into the 
ZrO2 active layer, leading to the conduction mecha-
nism (Sleiman et al., 2012). The slope of this partial 
linear portion was 1.036 (close to 1), indicating 
Ohmic conductance. As the applied voltage increased, 
the log I vs. log V had a linear correlationship and the 
slope was 2.29 (Fig. 5a), indicating I∝Vm. Therefore, 
the conduction performance of the Ag/ZrO2/Ti device 
followed the regulation of classical trap-controlled 
space charge limited conduction (SCLC) (Siddiqui et 
al., 2017). It shows that the charge transfer happened 
between the Ag electrode and the ZrO2 layer. This can 
be demonstrated by the formation of the Ag conduc-
tive filaments (Kadhim et al., 2018).  

In the LRS of the positive part, the I-V curve was 
well secured through the Ohmic conductance per-
formance with a slope of about 0.99. SCLC in semi-
conductors and their corresponding space charge 
effects were important basic concepts. The SCLC 
model generally contains three regimes: low voltage 
Ohmic region (I∝V), Child’s square region (I∝V2), 
and current steep increase region (I∝Vm, m>2). The 
formula for the SCLC model is expressed as follows 
(Vishwanath and Kim, 2016): 

 
1 2 1 ,m mJ V t+ +∝                      (1) 

 
where J, V, t, and m are the current density of ZrO2, 
bias voltage, thickness, and fitting index, respectively. 
When m=0, Eq. (1) represents the Ohmic conductance 
behavior. If m=1, it becomes a Child’s square law, 
which is given by (Vishwanath and Kim, 2016; Li 

et al., 2017) 
 

2

0 r 3

9 ,
8

VJ ε ε μ
t

∝                          (2) 

 
where μ, ε0, and εr are the carrier mobility, vacuum 
dielectric constant, and relative dielectric constant, 
respectively. In this work, Ag atoms in the Ag elec-
trode of the Ag/ZrO2/Ti devices were ionized into Ag 
ions by the application of an electric field. This be-
havior can be described as Ag++e−→Ag (Sun et al., 
2014; Zhou et al., 2017). 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
At the same time, the possible formation of 

conductive filaments was analyzed. The Ag ions can 
move along the electric field direction in the applied 
electric field (Fig. 5c). When the Ag ions and oxygen 
vacancies accumulated to a certain extent, the con-
ductivity of the ZrO2 active layer was greatly in-
creased, because the Ag ions and oxygen vacancies 
acted as conductive filaments, and this process cor-
responded to the “Set” process of resistance switching 
(Wu et al., 2017). After the “Set” process, the device 
retained the LRS (“On” state) until a large voltage of 
opposite polarity (<VReset) dissolved the Ag and  

Fig. 5  I-V curves of the Ag/ZrO2/Ti structure device (a 
and b) and the speculative model of Ag ion and oxygen 
vacancy filaments (c) 
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oxygen vacancy filaments, with this route corre-
sponding to ‘‘Reset’’ of the Ag/ZrO2/Ti device, fol-
lowing which the Ag ions and oxygen vacancies were 
moved back to the Ag electrode. Therefore, the 
Ag/ZrO2/Ti device can be reversibly switched by 
connecting and disconnecting conducting filaments.  

 
 

4  Conclusions 
 

In this work, nonvolatile resistive random access 
memory devices using ZrO2 QDs as an active layer 
have been devised via a simple spin-coating process. 
The resistive switching memory devices based on Ag 
(top)/ZrO2 (active layer)/Ti (bottom) showed an HRS/ 
LRS resistance difference (about 10 Ω), a good cycle 
performance (the number of cycles larger than 100), 
and a relatively low conversion current (about 1 μA). 
This result revealed that the Ag ions and oxygen va-
cancies are organized as conducting filaments inside 
the ZrO2 coating, and provided a new approach to 
nonvolatile memory devices based on a ZrO2 active 
layer for further electronic applications. 
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