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Abstract The application of poly(9-vinylcarbazole)
(PVK) to make a composite with zinc oxide (ZnO) as the
active layer has been reported. Unipolar resistive switching
behaviors were observed from ITO/PVK +ZnO/Al memory
devices. The reset voltages were higher than the set volt-
ages. These devices present a low resistance state (LRS)/
high resistance state (HRS) current ratio of 10* when read
at —0.5 V, retaining the information for a time of 10° s. The
bistable resistive switching behaviors were entirely steady
within 10* cycles. The fitted results of I-V curves shown
that the dominant conduction mechanisms in LRS and HRS
were Ohmic conductive behavior and space-charge-limited
current mechanism, respectively.

1 Introduction

Organic devices have attracted a lot of attention on account
of the significant advantages provided by organic materials
and devices [1-4]. These advantages consist of low cost,
high mechanical flexibility and versatility of the chemical
structure. Particularly, organic memory devices using inor-
ganic nanoparticles in the organic matrixes materials have
been widely investigated because of easily controllable

> Enming Zhao
zhaoem163 @ 163.com

Key Laboratory of In-fiber Integrated Optics, Ministry
Education of China, Harbin Engineering University,
Harbin 150001, People’s Republic of China

College of Chemistry and Chemical Engineering, Qiqihar
University, Qigihar 161006, People’s Republic of China

HLJ Province Key Laboratories of Senior-education
for Electronic Engineering, Heilongjiang University,
Harbin 150080, People’s Republic of China

processing factors like different kinds of particles, particle
size, and concentration of particles [5—10]. In the kind of
memory devices based on organic/inorganic nanocompos-
ites, the electrical bistability is primarily determined by the
inorganic nanoparticles [11-13]. The prospect of applica-
tions of nonvolatile memory devices utilizing hybrid inor-
ganic/organic nanocomposites has given rise to extensive
research and efforts to develop inorganic nanoparticles,
serving as charging and discharging islands, embedded in a
polymer matrix [11-13]. Among the various types of inor-
ganic nanoparticles, zinc oxide (ZnO) have acted as prom-
ising candidates on account of their potential applications
in next-generation nonvolatile memory devices and their
being environment-friendly materials [14—18].

Although a lot of research based on ZnO nanoparti-
cles/polymer composite systems have been reported [13,
19-22], where the characteristics were mostly bipolar resis-
tive switching of memory nature, yet the unipolar electrical
bistability have been relatively few. Nevertheless, unipolar
resistive switching is more favorable than bipolar resistive
switching memory, the unipolar memory could simplify the
circuit design of memory devices [23, 24].

In this work, an electrically bistable memory device
utilizing spin coating method was fabricated based on the
nanocomposites of ZnO nanoparticles and poly(9-vinylcar-
bazole) (PVK). Current—voltage (I-V) curves were meas-
ured to investigate the electrical properties of the devices,
and a large reproducible electrical bistability and unipolar
resistive switching behavior was observed. The mechanism
of resistive switching transformation was discussed.
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2 Experimental details

PVK was purchased from Sigma-Aldrich, M= 1,100,000
g/mol, the ZnO nanoparticles that were used in this study
were purchased from Hengqiu Graphene Technology
(HGT) Co. Ltd (China). The average diameter and purity
of the ZnO nanoparticles were 10 nm and 99.9%, respec-
tively. The ITO glass were ultrasonically cleaned, succes-
sively, in deionized water acetone, and ethanol for 20 min
at each step. The ZnO nanoparticles were dissolved in etha-
nol, and the dispersion was ultrasonicated for 1 h. After-
wards, the ZnO dispersion was blended with the previously
filtered PVK solution (0.22 mm pore size filter) dissolved
in chlorobenzene (10 mg/ml) and then ultrasonicated for
30 min. The composites were prepared with concentrations
of 2, 5 and 10 wt% of ZnO. The memory devices with dif-
ferent ZnO content exhibited similar memory behaviors,
and the memory devices with the lower ZnO concentration
showed a better reproducibility and stability in their mem-
ory behavior. For this reason, in this work, all the memory
devices have a 2 wt% of ZnO concentration in the active
layer. Higher content of ZnO nanoparticle in PVK matrix
is not conducive to the forming of active layer, so the sta-
ble and reproducible memory behavior in devices with low
ZnO nanoparticles content may attributed to favorable uni-
formity and consistency of lower ZnO concentration ZnO
nanoparticles in PVK matrix.

The mixed solution was deposited by the spin-coating
method at 500 rpm for 12 s, then at 3000 rpm for 60 s. After
spin coating, the film was baked on a hot plate at 60 °C for
overnight. Afterwards, the top aluminum(Al) electrode
was evaporated through a shadow mask. Figure 1 shows
the schematic of the ITO/PVK +ZnO/Al device. Electri-
cal characterization of the ITO/PVK +ZnO/Al devices was
performed in ambient condition. The I-V characteristics
were measured by Keithley 4200 semiconductor param-
eter analyzer. The compliance current was set at 0.1 A. The
contacts between the Al electrodes and the Keithley semi-
conductor parameter analyzer were made with nickel spring
probes. Voltages were applied to top electrode (Al) with the
bottom electrode (ITO) grounded the entire time.

Fig. 1 The schematic of the ITO/PVK+ZnO/Al device. Inset the
chemical structure of PVK
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3 Result and discussion

The I-V characteristics of ITO/PVK+ZnO/Al device
was exhibited in semi-logarithmic plot in Fig. 2. At first,
the pristine film was found to be insulating with resist-
ance value of 2 MQ (at —0.1 V). Under negative voltage
as shown in Fig. 2a, the current increases suddenly around
—1.8 V when the voltage was swept from 0 to —3.5 V
(sweep 1). This is known as the “set” switching process.
After this process, the ITO/PVK+ZnO/Al device main-
tains at low resistance state (LRS) with a resistance of
42 Q. When the voltage was swept from 0 to —6 V (sweep
2), a rapid current drop was observed at a voltage of —4.2 V
manifesting a sudden resistance increase of the ITO/
PVK +7Zn0O/Al device, and therefore, transformation of the
ITO/PVK+7ZnO/Al device from LRS to high resistance
state (HRS). This is known as the “reset” process. The HRS
was remained even then the applied voltage was removed.
When the voltage was swept again from 0 to —3.5 V (sweep
3), a sudden current increase was observed at —1.9 V and
the ITO/PVK+ZnO/Al device switched back into LRS.
Thus, a repeatable nonvolatile unipolar resistive switching
is demonstrated in ITO/PVK+ZnO/Al device. The HRS/
LRS current ratio as a function of applied voltage in the
negative sweep was shown in Fig. 2b, it is observed that a
higher HRS/LRS current ratio of about 3.3 x 10°-6.3x 10*
in the range of 0 to —1.8 V. When the sweep voltage in set
process was enlarged to —6 V, the I-V characteristics as
shown in Fig. 2c, a abrupt current increase was observed at
—1.95 V and then switched the ITO/PVK +ZnO/Al device
from HRS to LRS, then followed by a abrupt current de
crease at —4.35 V converted the ITO/PVK +ZnO/Al device
from LRS to HRS. No significant degradation of the device
in both the LRS and HRS were observed after 1.0x 10° of
the continuous stress test (Fig. 2d), indicating that the com-
posite layers are stable. The endurance of the device has
been performed up to 10* consecutive cycles, as shown in
Fig. 2e. The well separated resistance values of LRS and
HRS were read at —0.5 V.

Figure 3a shows the statistical distribution of the resist-
ance in LRS and HRS. Although each LRS and HRS was
distributed over a wide resistance range, the important
point is that the resistance of LRS were well separated from
the HRS, indicating the memory margin was sufficient
to distinguish each state. Figure 3b exhibites the histo-
gram of the set and reset voltage. A narrow distribution of
Vg (—1.55 to —=2.3 V), and Vyggger (—3.75 to —4.55) was
obtained. About 2 V difference of two threshold switching
voltage is observed between LRS and HRS, suggestive of
a good repeatability and a clear identification between the
two states.

Figure 4a shows the cross-section scanning electron
microscopic (SEM) images of the PVK +ZnO composite
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Fig. 2 a Typical -V charac-
teristic in semi-logarithmic
scale of the ITO/PVK +ZnO/Al
device showing resistive switch-
ing behavior. b The HRS/LRS
current ratio as a function of
applied voltage in the negative
sweep. ¢ The I-V characteris-
tics of the ITO/PVK +ZnO/Al
device when the sweep voltage
in set process was enlarged to
—6 V. d Retention character-
istic of the ITO/PVK +ZnO/

Al device with almost stable
resistance values of HRS and
LRS over a time period of 10° s.
e The endurance of the ITO/
PVK +ZnO/Al device over 10*
consecutive cycles

Fig. 3 a Statistical distribution/
cumulative probability of the
resistance in HRS and LRS. b
The statistical distribution of
threshold voltages

films before the evaporation of Al electrode, from top
to bottom the composition is glass, ITO film, and com-
posite of PVK and ZnO layer. Figure 4b shows the sur-
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face morphology SEM image of PVK+7ZnO composite

film. Figure 4c shows a transmission electron microscopy
(TEM) image of PVK +ZnO composites. The ZnO nano-
particles are randomly distributed in the PVK layer.
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Fig. 4 a Cross-sectional SEM
image of PVK+ZnO composite
film. b Surface morphology
SEM image of PVK+ZnO
composite film. ¢ Transmission
electron microscopy image of
PVK +ZnO composites

§3400 15.0kV 7.5mm x50.0k SE

To clarify the conduction mechanism of the ITO/
PVK+ZnO/Al device, the I-V curves are re-plotted indou-
ble-log scale in Fig. 5. As can be seen in double logarithmic
I-V plot for HRS, three regimes were observed: one linear
regimes (the slope of 1.14) for low voltages, and two non-
linear regime for higher voltages, one for slope of 4.21, and
other for slope of 19.99 where a quick increase in the cur-
rent was observed. This kind of /-V behavior can be under-
standed by the trap-controlled space-charge-limited cur-
rent conduction (SCLC) mechanism [25-27].According to
trap-controlled SCLC mechanism, the low voltage regime
obeys Ohmic conduction, while in the intermediate voltage
regime the conduction is complied with the Child’s square
law (I-V?), and the high voltage region corresponds to
steep increase in current(/-V*°). Our observed /-V behav-
ior in HRS was in better agreement with the trap-controlled

SCLC. Whereas, the /-V relationship was found to be lin-
ear throughout the voltage range with slope of 1 indicating
Ohmic conduction in LRS as shown in Fig. 5b. Hence, it
can be inferred that the transition from the LRS to the HRS
is a process of transition from a predominately Ohmic cur-
rent to SCLC.

Carrier transport in the memory device based on com-
posites of ZnO and polymer had been explained mostly by
Fowler—Nordheim (FN) tunneling [28] and SCLC [20, 21,
29] as shown in Table 1. Kim et al. showed that the main
conduction in Al/PS +ZnO/ITO followed SCLC by fitting
the I-V curves [20]. The conduction mechanism, how-
ever, in the cases of AI/PMMA +ZnO/ITO were obscure
because it was just predicted as charge trapping without
exact fitting of the log—log plot of the -V curves [13]. And
the others of memory device based on composites of ZnO

Fig. 5 alog()-log(V) curve (a) (b) 1074
for HRS of ITO/PVK +ZnO/Al T
device showing three different 5 slope=19.99
regions in agreement with the 107
trap-controlled SCLC conduc- slope=4.21 g
tion mechanism. b log(/)-log(V) S 10° > 1021
curve for LRS where the linear o o))
current-voltage relation indi- o 2 slope=0.95
cates Ohmic conduction 1075 T slope=1.14
10 1073 '/ '
10" 10° 10" 10°
log (V) log (V)
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Table 1 Charge transport mechanism of memory device based on
composites of ZnO and polymer selected from the references

Structure Polarity Charge transport Refs.
mechanism

Al/PVK+ZnO/ITO  Unipolar SCLC This work

Al/PS +ZnO/ITO Bipolar SCLC [20]

Al/PMMA +ZnO/ITO Bipolar SCLC [21]

Al/PMMA +ZnO/ITO Bipolar Charge trapping [13]

Al/PMMA +ZnO/ITO Bipolar Fowler—Nordheim [8]

tunneling
Al/PVP+ZnO/ITO Bipolar SCLC [9]

nanoparticles and polymer as presented in Table 1, the car-
rier transport mechanism largely depends on the structure
and electrical properties of the polymer matrix. It is note-
worthy that compared with the Al/polymer+ZnO /ITO
device, our AlI/PVK+ZnO/ITO devices exhibit unipolar
memory behavior.

Based on the analysis above, we explain the mechanism
based on the formation and rupture of conduction path-
ways. In A/PVK+ZnO/Al structure, the resistive switch-
ing is originated from the formation and rupture of the con-
duction pathways between two electrodes and composite
layer due to the migration of oxygen ions [15]. When the
negative voltage is applied to the top Al electrode, some
oxygen atoms are pulled out of the lattice, generating oxy-
gen vacancies. These oxygen ions will move toward the
bottom ITO electrode and leave behind the tiny conduct-
ing filaments of oxygen vacancies in the composite layer.
Subsequently, when the sweeping voltage reach the set
voltage, those tiny conducting filaments gather speedily to
form more conducting and stronger filaments leading to the
device convert to the ON state. Then the charges can flow
through the conductive pathways and sustain the device in
an ON state. A large number of charges flow through the
formed conduction pathways, and this process might pro-
duce an excess of heat. When the voltage bias exceeds a
certain value, the number of injected charges will rise more
than the capacity of the conduction pathways. The gener-
ated heat will cause rupture of the conduction channels
formed in the reset process.

4 Conclusion

In summary, an electrically bistable ITO/PVK+ZnO/
Al device was fabricated utilizing the composites of ZnO
nanoparticles and PVK as active layers by a spin-coating
method. The ITO/PVK +ZnO/Al device showed a remark-
able electrical bistability and unipolar resistive switching
effect in the current—voltage characteristics. The conduc-
tion mechanism turns from Ohmic-dominated to SCLC

model during the current conduction transition from the
LRS to the HRS.
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