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Abstract. The optical and structural properties of ZnO nanorods that are modified using H2 O2 and used as the conductive
filament (CF) for poly(methyl methacrylate) (PMMA)-based resistive switching (Rs) applications are studied. ZnO nanorods
are used as the CF for a PMMA-based Rs device, to determine their specific properties and to determine the effect of oxygen
vacancies on the Rs performance in ZnO. The Rs performance for PMMA-based devices is affected by treatment with H2 O2 .
An appropriate H2 O2 treatment time produces a significant change in the Rs performance for a PMMA/ZnO nanorod array
device, because there is a change in the number of oxygen vacancies in ZnO that is treated with H2 O2 solution at 60◦ C for
60 s. This study demonstrates the operation of a PMMA-based Rs device that features a ZnO CF that undergoes treatment
with H2 O2 .
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1. Introduction
Resistive switching (Rs) technology has been the subject of
many studies, in response to the demand for resistive random
access memory (RRAM) devices [1]. A metal/oxide/metalbased Rs device can be simply fabricated and can be manufactured at a low-cost. The Rs effect has been observed in
various oxide systems [2–12]. The Rs effect occurs when
an applied voltage is used to switch the resistance of a
medium between a high resistance state (HRS) and a low
resistance state (LRS) [13]. Two mechanisms for the conductive path have been proposed to explain the bipolar
behaviour: oxygen-related filament type and metallic filament type [3–5,8,13–15]. Recently, various organic materials
including polymers have been used in nonvolatile memory
elements that exhibit resistive switching behaviour [16–18].
Poly(methyl methacrylate) (PMMA) is a low-cost, easily handled dielectric material and has reasonably good switching
characteristics [19]. Liu et al [20] noted that an indium–
tin-oxide/PMMA/Ag device does not exhibit any memory
effect during forward- and reverse-biased sweeps. Huang
and Lin [21] demonstrated that a gold/PMMA/heavily doped
p-type Si device does not exhibit Rs behaviour. Interest
in the Rs behaviour of electrode/PMMA–inorganic blended
films/electrode structures has increased in the past decade,
because it is applicable to next-generation data storage
technology [19,22,23]. This study fabricates Rs devices
with an electrode/PMMA/ZnO nanorod/electrode structure.
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ZnO nanorods are used as conductive filaments (CFs) for
poly(methyl methacrylate)-based Rs applications. ZnO is a
semiconductor with a wide band gap that has various applications [24–28]. Qi et al [29] demonstrated that the formation
and rupture of CFs that are induced by the migration of oxygen vacancies are responsible for the Rs behaviour of ZnO
resistive memories at the nanoscale. The optical properties of
ZnO are altered by controlling the number of defects. This
study uses ZnO nanorods that are modified by H2 O2 treatment at 60◦ C for 60 s, and are used as the CF to form the
high- and low-resistance states for PMMA/ZnO nanorod array
devices. The resistance is changed using an applied voltage.
This study respectively, defines the HRS (‘OFF’ state) and
the LRS (‘ON’ state) as logic ‘1’ and ‘0’. The operation of
a PMMA/ZnO nanorod array device is demonstrated. A ZnO
CF that undergoes H2 O2 treatment is used. ZnO nanorods are
used as the CF for a PMMA-based Rs device, to determine
their specific properties and to determine the effect of the
number of oxygen vacancies in ZnO on the stability of Rs.

2. Experiment
2.1 Preparation and characterization of ZnO nanorods
A heavily doped n-type Si (n+ -Si) wafer was purchased from
Guv Team International Co. Ltd. The resistivity of n+ -Si is
about 0.001  cm. The n+ -Si sample was chemically etched
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with a diluted HF solution for 30 s, rinsed with de-ionized
water and blow-dried with nitrogen. The subsequent dipcoating process was repeated three times and the coated
substrates were then placed in a furnace and annealed in air
at 500◦ C for 1 h, to produce ZnO crystalline seed layers. The
synthesis of a ZnO nanorod array is detailed in ref. [30]. Some
of the ZnO-nanorod samples were dipped in a 10% solution
of H2 O2 at 60◦ C for 30 s (referred as ZnO(I) samples) and
some of the ZnO-nanorod samples were dipped in a 33%
solution of H2 O2 at 60◦ C for 60 s (referred as ZnO(II) samples). The crystalline phase of the ZnO, ZnO(I) and ZnO(II)
samples was characterized by X-ray diffraction (XRD) using
CuKα radiation. Using a Ne–Cu laser (248.6 nm line) as an
excitation source, the photoluminescence (PL) band at room
temperature was observed to determine the optical properties
of the ZnO, ZnO(I) and ZnO(II) samples.
2.2 Fabrication and characterization of PMMA/ZnO
nanorod array devices
PMMA (Mw ∼ 25,000) was purchased from ECHO Chemical Co. Ltd. Composite samples were prepared by adding
PMMA (0.5 g) to anisole solution (4.5 g and 10 wt%) in
a nitrogen-filled glove box. These solutions were stirred for
4 h at 80◦ C using a magnetic stirrer. The solutions were then
dropped onto ZnO, ZnO(I) and ZnO(II) substrates, which
were rotated at 1000 rpm for 60 s in a nitrogen-filled glove
box. After deposition by spin coating, the films were baked at
80◦ C for 60 min on a hot plate in a nitrogen-filled glove box.
The morphology of the PMMA/ZnO, PMMA/ZnO(I) and
PMMA/ZnO(II) samples was determined using field emission scanning electron microscopy (FESEM). Using a sputter
coater, gold (Au) ohmic contacts were deposited onto the
PMMA surface and indium ohmic contacts were deposited
onto the back surface of the n+ -Si. The current–voltage (I –V )
curves were measured at room temperature using a Keithley Model-4200 semiconductor characterization system. The
voltage was applied to the gold electrode and the indium electrode was grounded for all the tests.

Figure 1. FESEM images for (a) PMMA/ZnO, (b) PMMA/ZnO(I)
and (c) PMMA/ZnO(II) samples.

3. Results and discussion
FESEM images of the ZnO, ZnO(I) and ZnO(II) samples are
shown in figure 1. It is clearly seen that randomly aligned
ZnO nanorods are synthesized on the ZnO/n+ -Si substrates.
The FESEM images demonstrate the deposition of PMMA on
the ZnO sample. The thickness of the PMMA/ZnO samples
is about 700 nm. The nanorods have a maximum length of
about 500 nm.
Figure 2 shows the XRD pattern for the ZnO, ZnO(I)
and ZnO(II) samples. None of the characteristic peaks that
are associated with H2 O2 treatment are detected. The XRD
patterns for the ZnO, ZnO(I) and ZnO(II) samples feature
prominent peaks at (100), (002), (101), (102), (110) and
(103) [31]. For ZnO nanorod growth along the direction of the

Figure 2. XRD patterns for (a) ZnO, (b) ZnO(I) and (c) ZnO(II)
samples.

c-axis, XRD should only reveal the (00l) reflections. However, reflections are observed for hexagonal wurtzite ZnO
nanorods that are oriented along c-axis, (10l) planes (i.e.
(100), (101), (102) and (103)), because crystallites that are
not aligned normal to the substrate cause diffraction of the
(10l) planes in a θ –2θ scan [32].
Figure 3 shows the typical room-temperature PL spectra for
ZnO samples before and after H2 O2 treatment. A slight green
emission (GL) that is related to defects and a strong ultraviolet
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Figure 3. PL spectra for (a) ZnO, (b) ZnO(I) and (c) ZnO(II)
samples.

(UV) emission are observed for the ZnO samples. The GL is
not observed for the ZnO(I) samples. However, an enhanced
GL peak that is centred at about 2.45 eV dominates the PL
spectra for the ZnO(II) samples. The UV emission in the PL
spectra for ZnO is generally accepted to be the near-band-edge
(NBE) emission, which has an exciton nature [33–35]. The
GL band in the PL spectra for ZnO is observed for most ZnO
samples, probably because there is a greater number of oxygen
vacancies [33–35]. The duration of the H2 O2 treatment affects
the intensity of the GL band for ZnO nanorods. The sample
that undergoes H2 O2 treatment for 30 s, features no GL and
there are fewer oxygen vacancies. The sample that undergoes
H2 O2 treatment for 60 s, features increased GL and there are
more oxygen vacancies.
Figure 4 shows the I –V characteristics for PMMA/ZnO
and PMMA/ZnO(I) devices. No hysteresis is observed.
Figure 5 shows the I –V characteristics for a PMMA/ZnO(II)
device, which exhibit hysteresis at switching cycles 1 and
10. The hysteresis loop at cycle 1 is almost the same as the
hysteresis loop at cycle 10. The maximum ON/OFF ratio
for PMMA/ZnO(II) devices is about 102 . Typical bipolar Rs
memory behaviour with fast and steep programming and erasing characteristics, are observed at room temperature for a
bias voltage that sweeps from 0 → 5 V → 0 → −5 V → 0.
The current density increases slowly if the stressing positive
bias voltage is increased from 0 to 4.5 V and increases to a
maximum value when the applied bias voltage exceeds 4.5 V.
It is worthy to note that the logic state changes from HRS to
LRS. The device shows the corresponding reading behaviour
between operating voltages of 4.5 and −2.0 V. If the LRS
is defined as logic ‘0’ and the HRS is logic ‘1’, the bipolar
Rs result demonstrates the memory properties of a memristor
device. The ZnO(II) samples in figure 3 exhibit a significant
change in the intensity of the GL. Sun et al [13] proposed
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Figure 4. I –V curves for (a) a PMMA/ZnO device and (b) a
PMMA/ZnO(I) device.

Figure 5. I –V curves for a PMMA/ZnO(II) device at (a) cycle 1
and (b) cycle 10.

that the formation and rupture of the metallic conduction
filaments between the top and bottom electrodes are responsible for the Rs memory behaviour of Ag/ZnO/Ti/polyethylene
terephthalate devices. This study uses no metals with an active
electrochemistry as the top electrodes. A metallic conduction
filament model cannot be used to interpret the Rs memory
behaviour for the fabricated PMMA/ZnO(II) devices. Aziz et
al [24] noted that conducting filaments that consist of oxygen
vacancies are nucleated in the ZnO layer during the initial formation process. There is a hysteresis window because there
are oxygen vacancies in the band gap of ZnO. The density
of these oxygen vacancies significantly affects the Rs characteristics of PMMA/ZnO devices. There is resistance in the
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Figure 7. Curves for the HRS and the LRS vs. time for a probing
voltage of +1.5 V.

Figure 6. Rs mechanism for a PMMA/ZnO device: formation of
(a) a connected CF and (b) a disconnected CF.

HRS because disconnected CFs are formed and there is resistance in the LRS because connected CFs are formed. The
number of oxygen vacancies in ZnO and the degree to which
oxygen ions drift into the PMMA layer, determine whether
connected or disconnected CFs are formed. Figure 6 shows
the Rs mechanism for a PMMA/ZnO device. When a positive
voltage is applied to the gold electrode, oxygen ions within
the ZnO nanorod drift into the PMMA layer, so, there are
more oxygen vacancies in the ZnO nanorod. A connected CF
is formed and the resistance changes from the HRS to LRS
(figure 6a). When a negative voltage is applied to the gold
electrode, oxygen ions are forced back into the ZnO nanorod,
so, a disconnected CF is formed and the resistance changes
from the LRS to the HRS (figure 6b). The retention time for
the PMMA/ZnO(II) device also determined. Figure 7 shows
the resistance of the fabricated device for the HRS and LRS
in terms of time. The resistance ratio is ∼ 102 at a probing
voltage of 1.5 V, even if the device is continuously operated
for 100 s.
Defects (i.e. oxygen vacancies) play a crucial role in Rs
in PMMA/ZnO devices. The physical properties of ZnO,

such as crystallinity, surface characteristics and the functional
properties, can be modified using different treatment methods [36–41]. Our previous study reported that ZnO nanorods
that are used for poly(3,4-ethylenedioxythiophene) doped
with poly(4-styrenesulphonate)-based rectification applications are modified by H2 O2 treatment [30]. This study demonstrates that ZnO nanorods that are used for PMMA-based Rs
applications are modified by H2 O2 treatment. Liu et al [20]
noted that there are no CFs in an indium–tin-oxide/PMMA/Ag
device. The formation of a connected/disconnected CF is an
inevitable electronic process that affects the Rs performance
of a PMMA/ZnO nanorod array device. Simanjuntak et al [42]
reported the use of a ZnO layer in different structures, different
types of filament formation and different types of switching,
including complementary switching.

4. Conclusion
The optical properties and defects of ZnO nanorods that are
modified by H2 O2 treatment and used as CFs for Rs applications are studied. The PMMA/ZnO and PMMA/ZnO(I)
devices exhibit no memory effect during the forward- and
reverse-biased sweeps, but the PMMA/ZnO(II) device exhibits
Rs behaviour. The reason and the mechanism for this Rs
depends on the duration of the H2 O2 treatment. The results
demonstrate that ZnO that undergoes H2 O2 treatment for
60 s results in a PMMA/ZnO device that has increased Rs
performance. There is a change in the concentration of oxygen vacancies in ZnO and oxygen ions dominate in the
PMMA, because connected/disconnected CFs are formed in
a PMMA/ZnO device. This study demonstrates that the Rs
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performance and the Rs stability of a PMMA/ZnO device are
directly related to the number of oxygen vacancies.
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