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made, since the first Pt/TiO2/Pt device was experimentally 
realized by HP Laboratories [8]. The memristive behaviors 
were confirmed to exist in various materials such as transi-
tion metal oxide [9], perovskite oxides [10], chalcogenides 
[11, 12], organic materials [13], ferroelectric materials [14] 
and even the graphene-based structures [15]. The resistive 
switching (RS) mechanisms have been extensively studied, 
mainly including ionic migration and pure electronic effect 
[16]. However, most of the time, the RS process may be 
very complex, which is related to probably a combination 
of ionic effect, electronic effect, and even thermal effect. 
Realizing the intrinsic mechanism is a key for controlling 
RS accurately, which is beneficial for the development of 
memristors.

As one of transition metal oxides,  ZrO2 is one of the most 
promising candidates for  SiO2 replacement which has been 
researched for RS characteristics [4, 9, 17–22]. Although 
sufficient studies had been done for the  ZrO2-based mem-
ristor, they were mostly about amorphous  ZrO2 film as the 
insulator layer, and the polycrystalline  ZrO2-based memris-
tor is still seldom investigated. Thus, a deep understand-
ing of the intrinsic RS mechanism in the polycrystalline 
 ZrO2 core layer is quite important for the future memristive 
application.

In this paper, we fabricated memristive cells with both 
Ag/ZrO2/ITO and Ag/ZrO2/Ag metal–insulator–metal 
(MIM) structures by the magnetron sputtering method. The 
results show that the devices exhibited the intrinsic memris-
tive characteristics. The intrinsic RS mechanism can be well 
interpreted by the space charge limited conduction (SCLC) 
effect.

Abstract Based on the  ZrO2 core layer, two kinds of 
resistive memory cells with Ag/ZrO2/Ag and Ag/ZrO2/ITO 
sandwiched structures were prepared by a magnetron sput-
tering system. After thermal treatment, the sample cells 
show the stable bipolar resistive switching characteristics 
at room temperature in the current–voltage measurements. 
The intrinsic mechanism can be well interpreted by the space 
charge limited conduction effect with charged defects. Two 
different types of bottom electrode Ag and ITO showed 
different characteristics. The excellent resistive switching 
characteristics in the sandwiched structure with  ZrO2 core 
layer makes it to be a promising candidate for the nonvolatile 
storage and programmable analog circuit applications.

1 Introduction

Memristors is the fourth fundamental element theoretically 
proposed by Chua [1], which is a promising solution to tra-
ditional memory technologies facing the physical limit. Due 
to their simple structure, excellent scalability, high switching 
speed, remarkable endurance, low energy consumption and 
production cost [2], wide applications in nonvolatile mem-
ory [3, 4], logic operation [5], neuromorphic circuits [6], 
programmable analog circuits [7], great progress has been 
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2  Experimental

Two kinds of resistive cells with Ag/ZrO2/Ag and Ag/ZrO2/
ITO sandwiched structures were prepared by a magnetron 
sputtering system at room temperature. The background vac-
uum and working pressure are approximately 7 × 10−6 and 
2.8 × 10−3 mbar, respectively. The two MIM structural cells 
with three layers were deposited on the  SiO2/Si(100) sub-
strates. All thickness of each layer including Ag,  ZrO2 and 
ITO is obtained about 100 nm by controlling the deposition 
times during the sputtering. Then, all samples were annealed 
for 45 min in flowing nitrogen atmosphere at 300 °C. The 
crystallinity of all samples was measured by X-ray diffrac-
tometer (Bruker D8 Advance) with Cu-Kα (λ = 1.54056 Å
) radiation. The diffraction angles were set from 20° to 60° 
at 0.02° interval with lasting 3 s in each step. The micro-
structure was characterized by field emission scan electron 
microscopy (FESEM). The semiconductor parameter ana-
lyzer (Agilent B2912A) was employed to measure the spec-
tral and electronic characteristics respectively.

3  Results and discussion

The structural analysis on the annealed samples with  ZrO2 
core layer by the X-ray diffraction is shown in Fig. 1. The 
observed (−111), (211), (220) and (013) diffraction peaks 
are identified as  ZrO2 monoclinic structure, which are in 
good agreement with standard data (JCPDS 37-1484) [23]. 
The XRD figures show sharp patterns which reveal highly 
polycrystalline of the  ZrO2 core layer with a preferential 
orientation (−111) at around 28.4°. The cross sectional 
SEM image of the Ag/ZrO2/Ag cell, as shown in the inset 

of Fig. 1, gives that all the thicknesses of the  ZrO2 core 
layer, bottom and top electrode layers are about 100 nm 
respectively.

The typical current–voltage (I–V) characteristics of Ag/
ZrO2/(ITO, Ag) resistive cells with a current compliance 
of 100 mA are shown in Fig. 2, and the arrows indicate 
the sweeping directions (step 1 → step 2 → step 3 → step 4). 
The bipolar RS behavior was observed for all cells and no 
electrical forming process with a high voltage was needed. 
The I–V characteristics of the sample is shifted from a high 
resistance state (HRS) to a low resistance state (LRS) by 
a positive bias sweep, known as the SET process. Then, 
the sample cell returns to HRS by a negative bias sweep, 
known as the RESET process. As shown in Fig. 2a, the 
threshold voltage in the positive and negative regions for 
the Ag/ZrO2/ITO sample cell is approximately 1.8 V (SET) 
and − 0.7 V (RESET), respectively. The cell exhibits stable 
bipolar resistive switching behavior during the 100 cycles 
loop subsequent voltage sweeping process from 2 to − 2 V, 
as shown in Fig. 2b. Then, the Ag bottom electrode instead 
of the ITO bottom electrode, the I–V characteristic of Ag/
ZrO2/Ag sample exhibits a little different characteristic. Fig-
ure 2c reveals that the threshold voltage in the positive and 
negative regions for the Ag/ZrO2/Ag cell are approximately 
1.5 V (SET) and − 1.5 V (RESET) respectively. Figure 2d 
shows that the sample exhibits stable bipolar RS behavior 
during the 100 cycles loop subsequent voltage sweeping 
process from 2 to − 2 V. It is obvious that the resistance of 
Ag/ZrO2/ITO cell is much higher than that of the Ag/ZrO2/
Ag cell in HRS because Ag is an active electrode while ITO 
is an inert electrode. Besides, the resistance of both devices 
are similar in LRS which should be due to the similar RS 
mechanism. The sample cell with ITO bottom electrode 
exhibits an asymmetric behavior of I–V characteristics while 
another cell with Ag bottom electrode shows symmetry. The 
resistance of Ag/ZrO2/Ag sample cell changes continuously 
rather than an abrupt jump compared with Ag/ZrO2/ITO 
cell, which can be attributed to the conduction mechanism.

As we know, there are several conduction mechanism 
models [6, 16], i.e. Schottky emission, Poole–Frenkel emis-
sion (P–F), Fowler–Nordheim tunneling (F–N), SCLC and 
so on, which can be used to describe the physics of nonlinear 
I–V characteristics. It is necessary to distinguish these con-
duction mechanisms, because there should be several con-
duction mechanisms contributing to the device conduction 
current at the same time.

In order to discuss the conduction mechanism of Ag/
ZrO2/ITO cell, the I–V curves have been replotted using 
log scale, as shown in Fig. 3. Figure 3a shows that the 
SCLC mechanism is suitable to account for the conduct-
ing features at the HRS within positive voltage region. 
The slope of HRS is very close to linear at the low volt-
age region, which corresponds to the Ohmic law region 

Fig. 1  The XRD pattern of the  ZrO2 film, the inset shows a cross 
sectional SEM image of Ag/ZrO2/Ag
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(I ∝ V). At the voltages larger than SET voltage (1.8 V), 
the current follows square dependence on voltage in HRS, 
corresponding to the Child’s square law region (I ∝ V2). 
The current density for trap-controlled SCLC emission can 
be expressed as follows [20],

  

where J is the current density, � =
(

Nc∕Nt

)

e−(Ec−Et)∕kBT is 
the ratio of free electron to trapped electron, Nc is the effec-
tive density of states in the conductive band, Ntis the number 
of emptied electron traps, kB is the Boltzmann constant, �r is 
the static dielectric constant, �0 is the permittivity of frees 
pace, � is the electron mobility, V is the applied voltage 
and L is the film thickness. In the low voltage region, when 
the density of thermally generated free electrons inside the 
cell is greater than that of the injected electrons from the 
electrode, the majority of electron traps are emptied (𝜃 ≪ 1

). The I–V characteristics of the cell are mainly affected by 

J =
(

�

� + 1
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the Ohmic emission mechanism. Thus, the current density 
equation can be given, 

In the strong injections process, the increase of applied 
voltage may increase the density of free carriers resulting 
from lifting up Fermi level well above the electron trap-
ping level. Then, the majority of electron traps are occu-
pied (𝜃 ≫ 1), showing that the density of injected electrons 
gradually exceeds the thermal equilibrium concentration 
in the cell. The injected electrons affect mainly the I–V 
characteristics of the cell, and the I–V relationship obeys 
the square law. In this case, the current density equation 
can be given, 

It is observed that the resistance changed abruptly from 
HRS to LRS. This abrupt change is related to the trap 

J = θ
9��r�0V

2

8L3
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9��r�0V

2

8L3

Fig. 2  a Typical bipolar I–V characteristic of Ag/ZrO2/ITO in sweep-
ing DC voltages. b The I–V characteristic of Ag/ZrO2/ITO for a cer-
tain times cycles. c Typical bipolar I–V characteristic of Ag/ZrO2/Ag 

in sweeping DC voltages. d The I–V characteristic of Ag/ZrO2/Ag for 
a certain times cycles
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distribution. The exponential distribution of traps can be 
described by the expression as follows [11], 

where D(E) is the trap density per unit energy range at an 
energy E above the valance band edge, Nt is the total density 
of traps, and Nt/kTc is the trap at the valence band edge, Tc is 
the characteristic temperature.

Generally, the defects in the polycrystalline chalcoge-
nide can be divided into two types: (i) defects within the 
crystalline grain, (ii) defects at the grain boundaries aris-
ing from dangling bonds. These defects form localized 
states near the valence band, which can act as charge traps 
and absorb injected carriers [24]. The resistance states 
depend on the carrier trapping levels in the device, namely 
the high trapping level corresponding to LRS while the 
low one corresponding to HRS. The resistance exhibits 
LRS when the deep traps are filled totally.

It is noted that the LRS of cell in positive voltage region 
can be best fitted with Ohmic law during the sweep voltage 
of 2 V → 0 V due to the formation of Ag filament, which is 
consistent with other works [19, 22]. The formation process 

D(E) =
Nt

kBTc
exp

(

−
E − Ev

kBTc

)

can be described as follows. When the top electrode of Ag 
is applied with a positive bias voltage, Ag atoms are oxi-
dized to Ag ions according to Ag → Ag+ + e. When the 
electric field in the  ZrO2 layer film is strong enough, these 
Ag ions will migrate toward the ITO electrode, where 
they are reduced back to metallic Ag atoms according to 
 Ag+ + e → Ag. The metallic Ag filament finally reaches the 
Ag electrode when the process reaches SET voltage. Mean-
while, the resistance of the cell drops abruptly, leading to 
LRS. Thus the LRS cell shows the Ohmic conduction behav-
ior. In this case, the current density of Ohmic conduction can 
be expressed as follows [16], 

where � is electrical conductivity, n is the number of elec-
trons in the conduction band, � is electron mobility, V is the 
applied voltage. In negative bias voltage region, the transi-
tion from LRS to HRS state occurs at the RESET voltage 
(− 0.7 V) during the sweep voltage of − 2 V → 0 V. The 
filament is ruptured by Joule heat assistance during the nega-
tive voltage sweep. While the occupied trap will discharge 
the electrons and the current reduces quickly. The device 
maintains HRS until the majority of cell traps is emptied.

In order to understand different bottom electrode effects, 
the I–V curves of Ag/ZrO2/Ag cell have been replotted using 
log scale, as shown in Fig. 4. The result is similar to the 
behavior of the Ag/ZrO2/ITO cell. The conduction behavior 
obeys SCLC mechanism conduction and Ohmic law. In the 
positive voltage region, the I–V curves shows linear (I ∝ V) 
behavior under low voltage. At the voltage larger than SET 
voltage (1.5 V), the current of HRS follows square depend-
ence on voltage due to the Child’s law (I ∝ V2). The resist-
ance of Ag bottom electrode belonging to strong current 
injection changes continuously into LRS which is distin-
guish with the ITO bottom electrode belonging to weaken 
current injection. The current value of the Ag/ZrO2/Ag cell 
is close to the Ag/ZrO2/ITO cell in the LRS which is caused 
by the same mechanism obeying Ohmic law.

To further investigate the performance of the Ag/ZrO2/
ITO and Ag/ZrO2/Ag cells, the cycling endurance character-
istics were measured in pulse sweep mode for 1000 cycles, 
respectively, as shown in Fig. 5. The applied plus is 2 V/1 µs 
for SET process and − 2 V for the RESET process, respec-
tively. The reading voltage is 0.5 V as shown in Fig. 5a. Fig-
ure 5b shows the endurance behavior of Ag/ZrO2/ITO cell 
for 1000 cycles without margin deterioration. It is obvious 
that the HRS is more discrete than the LRS due to the more 
stable LRS of the cell. The resistance ratio between HRS and 
LRS is at least 32 times large enough for the periphery cir-
cuits to probe the different resistance states and the result is 
better than the previous works [3, 4, 17, 21]. Figure 5c shows 
the endurance behavior of Ag/ZrO2/Ag cell for 1000 cycles 

J = �E =
nq�V

L

Fig. 3  a The I–V curve of Ag/ZrO2/ITO at positive voltage region. b 
The I–V curve of Ag/ZrO2/ITO at negative voltage region
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without switching failure. It is obvious that the HRS is more 
discrete than the LRS due to the wide distribution HRS of 
the cell. The ratio resistance between HRS and LRS is only 
about 1.7 times not large enough for distinguishing in stor-
age application. This phenomenon should be attributed to 
the resistance switching conduction mechanism. As the top 
and bottom electrodes are both Ag electrodes, the resistance 
switching between HRS and LRS is mainly bound up with 
SCLC. The filament could not be ruptured owing to the oxi-
dation–reduction reactions of Ag in all the processes during 
both the positive voltage sweep and negative voltage sweep.

To further confirm the potential memory application 
of Ag/ZrO2/ITO cell, the distribution and retention char-
acteristics were investigated. The distribution of the SET 
and RESET voltages taken over 100 cycles for the device 
is shown in Fig. 6a. The distributions of SET and RESET 
voltages were measured to ~ 0.1 and ~ 0.3 V, respectively. 
The RESET voltage distributes wider than the SET volt-
age. The retention characteristics of both resistance states 
were investigated under reading voltage of 0.5 V at 85 °C, 
as shown in Fig. 6b. The resistance of both HRS and LRS 
exhibit little change, confirming the nonvolatile and nonde-
structive readout characteristics of this cell, which also may 
lead to the nonvolatile storage application.

4  Conclusions

In summary, based on the  ZrO2 core layer, two kinds of Ag/
ZrO2/ITO and Ag/ZrO2/Ag had been successfully prepared 
using magnetron sputtering method. The XRD analysis 
shows that the films exhibit good crystalline quality with 
monoclinic structure. The cross sectional SEM image of 
the Ag/ZrO2/Ag cell shows clearly a sandwiched structure. 
Both the two kinds of sandwich-structure cells with  ZrO2 
core layer show bipolar memristive switching behavior and 
possess the properties of reversible switching, reproducible 
resistance, nondestructive readout, good cycling perfor-
mance and nonvolatile. The intrinsic memristive characteris-
tics conforms to the SCLC mechanism caused by the defects 
in the polycrystalline  ZrO2 core layer. The ITO bottom elec-
trode in the cell shows the higher interface resistance and 
weak injection that the resistance change is an abrupt jump 
suitable for storage application, while another cell with Ag 

Fig. 4  a The I–V curve of Ag/ZrO2/Ag at positive voltage region. b 
The I–V curve of Ag/ZrO2/Ag at negative voltage region

Fig. 5  a The plus excitation voltage. b The resistance of Ag/ZrO2/
ITO cell for 1000 cycles. c The resistance of Ag/ZrO2/Ag cell for 
1000 cycles
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bottom electrode presents the lower interface resistance and 
strong injection that resistance change is continuous, which 
may lead to the neuromorphic circuit application.
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