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Abstract: The resistive switching memory device based on nanocomposites has become a potential
candidate in the data storage field. Understanding resistive switching characteristics and electrical
conduction mechanisms may support the appropriate way to fabricate and control the operation of a
device. In this study, a capacitor-like structure using PVA-ZnO as an insulator layer was fabricated
by a solution method. The crystalline structure, morphology, and absorption spectrum of ZnO
nanoparticles were discussed respectively. The resistive switching effect was observed with the
ON/OFF ratio of 0.5x10% high endurance, excellent retention and the electrical transport
mechanisms were followed by the SCLC and Ohmic’s law in the low resistance state and Flower-
Nordheim tunneling in the high resistance state. The resistive switching mechanism was contributed
by the oxygen vacancies in ZnO nanoparticles and the oxygen ions in the bottom electrode.
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1. Introduction

Nowadays, resistive random access memory (RRAM) is one of the potential research fields
promising substitutes for incumbent memories, which have encountered technical and physical
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limitations [1, 2]. RRAM is a type of non-volatile memory with promising advantages, such as
scalability, simple structure, fast operational speed, excellent endurance, long retention, and low power
consumption [3]. To further improve the performance of RRAM, switching layers have been developed
including inorganic, organic, biological, nanocomposites, and recently hybrid materials [4, 5]. Among
these material;s, the hybrid organic-inorganic nanocomposite is a potential candidate because of its
ability to combine the advantages both of organic and inorganic components [6].

Zn0O, which is an n-type semiconductor with exclusive electro-optical properties, large optical band
gap, and good chemical stability, can be synthesized in different morphology such as nanoparticles,
nanowire, nanobelts, and nanorods [7]. Wide applications of ZnO such as luminescent material, solar
cells, battery, supercapacitors, photocatalysis, biomedical, biosensors piezoelectrics, and
optoelectronics. Swapnil et al. reported an RRAM with Ag/ZnO/FTO structure, which has a 10 memory
window in consecutive 102 switching cycles and was stable over 10%seconds [8]. Besides, a ZnO-based
nonvolatile write-once-read-many-times memory device presented by Toan Thanh Dao et al. had an
ON/OFF ratio of 10* and retention time of >10° s [9]. The nanocomposite films of PVA and ZnO have
been studied in recent years. The change of the crystalline size of ZnO, the shift in the bandgap, and the
position of—OH stretching peak of PVA demonstrate the strong interaction between ZnO nano species
and PVA matrix [10]. The nanocomposites of PVA and ZnO are effective in biosensor [11], nonlinear
optics [12], photodetectors [13], and food package [14]. Recently, they have been applied in non-
volatile resistive switching memory devices [15]. Hmar et al. [15] also reported memory device using
ZnO nanoparticles encapsulated in polyvinyl alcohol (PVA) matrix. With the Al/ZnO-PVA/AI device
on the flexible PET substrate, the resistive switching effect was achieved with an ON/OFF ratio of 10!
and a relatively high operating voltage range of -12 +12 V. The performance has been improved
considerably with the addition of PEDOT:PSS layer.

The electrical conduction, as well as resistive-switching (RS) mechanisms of devices based on
nanocomposites, have been reported previously. In hybrid nanocomposites, carrier movement was
commonly suggested by suggested Ohmic [7, 16], space charge limited conduction (SCLC) [15, 17],
and Fowler-Nordheim tunneling [18], whereas the RS behavior was almost recommended by
formation/rupture of metallic or oxygen vacancies filament [6, 15]. Chu et al. [16] introduced a hybrid
nanocomposites structure based on ZnO nanorod arrays embedded in insulating polymethyl-
methacrylate forming an Al/ZnO-PMMA/ITO structure. The conduction mechanisms at high resistive
state (HRS) followed Ohmic conduction while Ohmic and trap-controlled space charge limited
conduction (TC-SCLC) was proposed for LRS. The RS mechanism was suggested by trap and de-trap
electronics by ionized oxygen vacancy. Similarly, SCLC and Ohmic conduction were assigned LRS and
HRS, respectively in another structure using ZnO—PVA/PEDOT:PSS as a switching layer [15]. In their
report, the RS mechanisms were suggested by the migration of oxygen ions to form/rupture conduction
filament. The forming process was built by gathering rapid pathways of oxygen vacancies created by
shifting oxygen ions following the electric field. The rupture process was due to the filling vacancies of
oxygen ions under reversed bias.

In this study, we fabricated ZnO nanoparticles and incorporated them into polyvinyl alcohol (PVA),
used as a switching layer in the capacitor configuration for RRAM, by a solution method. The
incorporation of PVA and ZnO as the active layer may increase the uniform, adhesion, and durable
characteristics of a memory device. The Silver/PV A-ZnO/fluorine-doped-tin-oxide showed the reliable
and stable bipolar resistive switching (RS) characteristics with 100 cycling endurance in the voltage
range of (-5.5 — 4.5 V) and the RS ratio of 0.5x102. Besides, the conduction mechanisms were suggested
by the dominance of trap charge limited conduction (SCLC) and Ohmic conduction in low resistance
state (LRS) while the current in HRS is controlled by Fowler—Nordheim tunneling. Finally, the RS
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mechanism was also proposed due to the migration of electrons through oxygen vacancies within the
switching layer under the external electric field.

2. Experiment

Zinc acetate (CH3COQ),Zn (Merck, 99,5%) and sodium hydroxide NaOH (Merck, 99.6%) were
used as precursors. Firstly, zinc acetate and sodium hydroxide were separately dispersed in a mixture of
solvent included deionized water (D) and ethanol (C2HsOH, Merck, 99.8%) (Voi:Vethanot = 2:1) followed
by vigorous stirring with the same concentration at 0.55 mol/L. It was maintained for 2 hours to obtain
a homogeneous solution. After, NaOH solution was added gradually into zinc acetate solution
(VNaoH: Vzine acetate = 2:1). Then, it was continuously stirred for 6 hours. Finally, the final mixture was
centrifuged and dried to get ZnO nanoparticles.

The configuration of Ag/PVA-ZnO/FTO was studied, which is shown in Figure 1. Firstly, polyvinyl
alcohol (PVA — Sigma) was dissolved in DI under continuous stirring for about 2 hours. Then, ZnO
nanoparticles were added to incorporate to obtain a homogeneous solution. Then, the PVA-ZnO mixture
was covered on FTO commercial substrate by the spin coating process. Finally, the top Ag electrode
was deposited by a direct current sputtering technique.
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Figure 1. Schematic representation of the fabrication process of the memory device.

The structure of the prepared ZnO Nps was analyzed by Bruker D8 Advance X-ray diffractometer
(XRD) with Cu-Ka radiation (A = 0.154 nm). The Fourier transform-infrared spectroscopy (4800S
spectrometer FTIR (Shimadzu Corporation) was used to study vibration characteristics in the mid-
infrared range from 400 to 3900 cm™. The morphology features and distribution of ZnO were estimated
by Scanning Electron Microscope (SEM, S4800, Hitachi, Japan) and Transmission Electron Microscope
(TEM, JEM - 1400, JEOL, Japan). The room temperature photoluminescence (PL) emission spectra
were recorded on a spectrophotometer (Horiba Jobin Yvon IHR) using a 325 nm of He-Cd laser as an
excitation source. The absorption spectra were executed by V730 (Jasco) in the UV-vis range. Finally,
the current-voltage (I-V) characteristics (Keithley 2400) of the Ag/PVA-ZnO/FTO memory device
were employed by applying a DC voltage continuously with the bottom electrode (FTO), which is
biased, while the top one (Ag) is grounded.

3. Result and Discussion
3.1. Structural Characteristics

The XRD result of ZnO nanoparticles was studied to determine the crystalline structure, which is
shown in Figure 1 (a). The data was recorded by using Cu Ka radiation (1.5406 A) in a range of 260
from 10" to 80°. All peaks were observed clearly at 31.7°, 34.5°, 36.2°, 47.6°, 56.5°, 62.9°,66.5°, 67.9",
69.0°, 72.7°, 77.0° corresponding to characteristic indexing planes (100), (002), (101), (102), (110),
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(103), (200), (112), (201), (004) and (202), respectively. The most intense peaks were at (100), (002),
and (101) planes. It indicated the hexagonal wurtzite crystal structure of ZnO nanoparticles, which was
confirmed by previous reports [19, 20]. In the XRD pattern, no diffraction peaks from other types were
recorded, verifying that all precursors had been extruded completely, implying the high purity of the
synthesized products.
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Figure 2. (a) XRD pattern and (b) FTIR spectrum of ZnO nanoparticles.

The FTIR spectroscopy evaluated the characteristic vibration of ZnO nanoparticles in a range from
400 to 3900 cm® (Figure 2b). At around 450 cm, a broad strong peak was recorded corresponding to
the stretching vibration of Zn—O bonds [20, 21]. The broad band was observed from 3000 to 3600 cm™,
assigned for free O—H stretching and deformation vibrations. Besides, the bands at 1406 cm™, 1562 cm
Lwere attributed for C=0 asymmetric vibration while an asymmetric C=0 oscillation appeared at 1647
cm?[22].

3.2. Surface Morphology

Figure 3. (2) SEM and (b) TEM images of ZnO nanoparticles.

The morphology features and distribution of synthesized ZnO nanoparticles were estimated by SEM
and TEM images, as shown in Figure 3. The SEM image revealed the hexagonal-rode-like morphology
with the diversity of dimensions of ZnO nanoparticles in the range from 50 to 200 nm. The nanoparticles
have been grain boundary, relatively separated from each other. Besides, the TEM has also confirmed
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the morphology of the nanoparticles as in SEM. From morphology, ZnO nanoparticles showed a high
crystal structure with hexagonal-rode like morphology.

3.3. Absorption Spectroscopy
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Figure 4. (a) Absorption spectrum and (b) Optical bandgap energy from the Tauc plot of ZnO nanoparticles.

The room temperature absorption spectra and corresponding optical bandgap energies of ZnO
nanoparticles are shown in Figure 4. The spectrum reveales a characteristic sharp absorption peak of
ZnO nanoparticles at around 372 nm. The direct bandgap energy (Eg) for the nanoparticles is determined
by fitting the reflection data to the direct transition equation (ahv)? = k (hv-E4) where « is the optical
absorption coefficient, /v is the photon energy, E is the direct bandgap [23]. Plotting (a/v)?as a function
of photon energy and extrapolating the linear portion of the curve to absorption equal to zero gives the
value of the direct bandgap to be 3.08 eV. This value was lower than 3.3 eV of zinc oxide bulk [24].
This redshift of the bandgap energy might be due to the agglomeration of the nanocrystallites into larger
crystallites or due to the defects in materials [25].

3.4. Photoluminescence (PL) Analysis
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Figure 5. PL spectrum of ZnO NPs at room temperature.

To determine the quality and the presence of defects in the ZnO NPs, the photoluminescence (PL)
spectroscopy was used. Figure 5 shows the normalized PL spectrum of the ZnO NPs at room
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temperature. Fundamentally, the PL peak in the UV region is associated with the band-to-band emission
while the visible emission originates from the defect levels [26]. As seen in Figure 5, the PL spectra of
ZnO NPs exhibit a UV emission band centered at about 387 nm (3.2 eV) and a broad emission peak at
a visible region of about 600 nm (2.06 eV). In our study, the bandgap of ZnO NPs (3.2 eV) was smaller
than the bandgap of ZnO bulk (3.3 eV) [24]. This decrease may be the high defect concentration
including oxygen vacancies, interstitial and lattice defects which were existing in nanomaterials. The
bandgap value examined by PL analysis was slightly different from the value calculated by the
absorption spectrum because of the nature of the analyzed technique.

The broad visible emission peak could be deconvoluted into five peaks which are neutral oxygen
vacancies (Vo) at 542 nm, oxygen vacancies with a single charge (Vo*) at 580 nm, oxygen vacancies
double charge (Vo™) at 648 nm, and oxygen interstitials (Oj) at 711 and 850 nm. The green emission
was originated by the transition from the conduction band to the deep levels of oxygen vacancies of Vg
(520-570 nm) [27]. The yellow emission might be due to Vo* (570-620 nm) and Vo™ (620-670 nm)
[28]. The orange emission (670-720 nm) was attributed to the transition from the conduction band to
the Oilevel [29], while the red emission (720 -780 nm) was the original transition from Znj to O; [30].

The existing defects in ZnO NPs might influence significantly the charge transport process and resistive
switching behavior of memory devices.

3.5. Resistive switching of the memory device

The current-voltage (I-V) curves of the Ag/PVA/FTO and Ag/PVA-ZnO/FTO devices are shown
in Figure 6 (a) and 6 (b), respectively. The bottom electrode (FTO) is biased while the top one (Ag) is
grounded during repeatedly cycling sweeps in the voltage range from - 5.5 V to 4.5 V. In the
Ag/PVA/FTO device, there is no hysteresis in the 1-V curve or no resistive switching effect (Figure
6(a)). On the contrary, the Ag/PVA-ZnO/FTO device shows a non-volatile counter-clockwise bipolar
resistive switching behavior in which the SET process is regarded the positive electric field and the
RESET is the reverse one (Figure 6(b)). It is indicated that the memory effect of the device was
influenced significantly by embedding ZnO NPs. An as-prepared device was at high resistance state
(HRS) about 10-4 A. By sweeping the positive voltage from zero to 4.5 V, the initial state of the device
switched from HRS into the low resistance state (LRS) around 10-1 A at ~1 V (VSET). This process
was corresponding to the writing process in memory. The LRS of the device remained until the reversed
bias applied from zero to —5.5 V. This process makes the current structure decrease gently back to HRS,
leading to the reset or erase process. The device showed a bipolar resistive switching effect under the
external electric field.

To provide a further understanding of the performance of this device, the evolutions of the
resistances at HRS and LRS under a voltage of 0.5 V in the endurance test and the cumulative probability
of resistances were investigated as shown in Figure 6 (c) and Figure 6 (d), respectively. The variation
of HRS and LRS during sweeping cycles is relatively small. Also, the ON/OFF resistance ratio is an
average of 0.5x102. Figure 5 (e) exhibits the retention test at HRS and LRS states. The performance
stability or retention characteristic of the memory device is one of the important parameters for practical
applications. It was tested by applying a constant voltage of 0.5 V and measuring current (or resistance)
vs. time separately in the LRS and the HRS. From Figure 6 (e), it is observed that the resistance values
of the device at the HRS and LRS states remain almost constant of ~ 0.4x102 Q and ~1.5x103 Q2 over
104 s. There was no noticeable degradation of resistances in both the HRS and LRS states which showed
the excellent retention characteristic of the memory device. The histogram of the SET and RESET
voltage of the memory device as shown in Figure 6 (f). A narrow distribution of VSET (~ +1 V) and
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VRESET (~ — 4 V) was obtained in our device. About 3 V differences of two threshold switching
voltages were observed between LRS and HRS, suggesting a clear identification between the two
writing/erasing states.
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Figure 6. Current — Voltage (I-V) characteristics of (a) Ag/PVA/FTO and (b) Ag/PVA-ZnO/FTO devices, (c)
Endurance test during 100 cycles, (d) Cumulative Probability of Resistance at HRS and LRS states, (d)
Retention time at HRS and LRS states and (f) Distribution of Operation VVoltages of Ag/PVA-ZnO/FTO device.

3.6. Electrical Conduction and Resistive Switching Mechanisms

To investigate the conduction mechanism as well as the resistive switching mechanism which was
occurred within the PVA-ZnO switching layer, the 1-V characteristic of the Ag/PVA-ZnO/FTO device
was fitted following to appropriate mechanism (Figure7 (b-d)). In the first sweep from 0 V to 4.5 V, the
current is increased following the voltage in distinct regimes. The current increases following the voltage
with the slope of ~ 1.35 which is larger than the slope of Ohmic conduction (I o V) in the small electric
field [31]. At Vser of ~1.13 V, the current is increased more abruptly than the previous voltage with the
slope of 10.8 which is inherent to the trap-fill-limit region (I o V", n > 3) [32], indicating the switch
from HRS to LRS, activating the device to ON state. Afterward, the current is continually increased
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with the slope of 1.98 before the second SET at the voltage of 1.57 V; however, this process was not
referred to the first SET. The current was retained at LRS until the end of the first sweep from 4.5V to
0 V with the slope of 2.11 (Child’s law region — | a. V) [33] and even in the backward of voltage with
the slope of 1.09, respectively. According to the J-E curve in Figure 7b, the slope of the first two stages
is relatively consistent with the trapped charge limited conduction (SCLC) and Ohmic conduction,
corresponding to the LRS of the device. When negative biasing on the bottom electrode, the pristine
current was still in the LRS with a slope of 1.06 adhering to Ohmic conduction (Figure 7 (c)). In the
final stage of the voltage sweep, the correlative plot of Ln(J/E?) o 1/E shows a large negative slope with
a crowd data points in the high electric field region as shown in Figure 7 (d), revealing that the current
in HRS is controlled by Fowler-Nordheim tunneling [31].
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Figure 7. (a) The I-V characteristic of Ag/PVA-ZnO/FTO plotted in double-logarithmic scale; Relation of J — E
for the voltage (b) from 0 V to 4.5 V and vice versa, (c) from 0 V to -5.5 V; Relation of Ln(J/E?) — 1/E for the
negative voltage from -5.5V to 0 V.

Based on the |-V characteristic and electrical conduction mechanism of the memory device, we
propose that the resistive switching in Ag/PVA-ZnO/FTO device is due to the migration of electrons
through oxygen vacancies within the switching layer under the external electric field. When the negative
voltage was applied to the top electrode (Ag), the electrons were injected from Ag into PVA-ZnO
dielectric film through thermionic emission. In the PVA-ZnO layer, abundant oxygen vacancies existed
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in ZnO NPs (from PL spectrum) which acted like trap centers in the PVA matrix. The conduction
mechanism in this stage was related to SCLC model as in Figure 7(b). In addition, the accumulation of
ZnO NPs can be the reason for diminishing the distance between oxygen vacancies and helps the
electrons transport via trap easily. After filling all the traps, the subsequently injected electrons could
move directly through the PVA-ZnO thin film toward to FTO electrode within Ohmic conduction and
switch the device to ON state.

Particularly, the FTO bottom electrode acted as a reservoir source of ion oxygens [34]. In the
reversed bias, therefore, oxygen vacancies in the FTO/ PVA-ZnO interface were partially occupied by
ion oxygens whichcame from the FTO electrode. As a result, the electrons could not migrate through
the PVA-ZnO film because of the lack of oxygen vacancies which were filled by oxygen ions. This
interruption of electron transport caused the drop of current and turned the device back to the OFF state.
In Ag/PVA-ZnO/FTO device, oxygen vacancies in ZnO NPs played a crucial important role in the
management of the resistive switching mechanism. The Ag/PVA/FTO device (without ZnO NPs) has
the absence of a resistive switching effect. The influence of oxygen vacancies in the resistive switching
mechanism has also been reported in some other studies [35]-[37].

4. Conclusion

In summary, we successfully fabricated ZnO nanoparticles as well as RRAM devices using PVA-
ZnO as an RS layer in Ag/PVA-ZnO/FTO structure. Structural results indicated high crystalline of
obtained ZnO nanoparticles and hexagonal-rode like morphology. Besides, these devices showed the
bipolar resistive-switching characteristic with the ON/OFF ratio around 0.5x10% and highly stable
endurance. The conduction mechanisms were suggested by the dominance of trap charge limited
conduction (SCLC) and Ohmic conduction in low resistance state (LRS) while the current in HRS was
controlled by Fowler—Nordheim tunneling. Finally, the RS mechanism was also proposed due to the
migration of electrons through oxygen vacancies within the switching layer under the external electric
field.
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