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Abstract

In this study, ZnO thin films were prepared on the flexible stainless steel (FSS) substrates
by the sol–gel method. ZnO nanorods were then hydrothermally grown in the presence of
polyvinyl pyrrolidone (PVP) to obtain polymer/nanooxide composites. The microstructure
and resistive switching properties of the composites were investigated. X-ray diffraction
results confirmed that the PVP-doped ZnO nanorods retained the hexagonal wurtzite
structure and had a preferred (002) orientation despite a slight decrease in crystallinity.
Surface morphology analysis showed that the addition of PVP resulted in an increase in the
nanorod density and a more regular hexagonal structure. Electrical measurements showed
a significant improvement in the resistive switching behavior, with a high-resistance state
to low-resistance state (HRS/LRS) ratio of 4.67 × 103. In addition, radiation-tolerant cyclic
tests demonstrated that the polymer–oxide hybrid structure effectively buffered irradiation-
induced defects, stabilized conductive filament pathways, and preserved switching reliabil-
ity. These results highlight the potential of PVP-doped ZnO nanorod composites as reliable,
flexible, and radiation-tolerant RRAM devices for future aerospace and high-radiation
electronics applications.
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1. Introduction
Resistive random-access memory (RRAM) has become a promising candidate

for the next generation of non-volatile memory due to its simple metal-insulator-
metal (MIM) structure, high switching speed, low power consumption, and excellent
scalability [1–5]. Beyond conventional applications, RRAM has recently received growing
interest for aerospace and nuclear electronics, where radiation-tolerant memory devices
are required to maintain stable operation under ionizing radiation [6]. Among various
metal oxides, zinc oxide (ZnO) has attracted much attention due to its wide bandgap (about
3.37 eV), high exciton binding energy, chemical stability, and ease of solution prepara-
tion [7,8]. In addition, its resistive switching behavior is strongly affected by intrinsic
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defects such as oxygen vacancies, which play a key role in regulating the conduction
mechanism and switching dynamics [9–11].

In flexible electronic devices, integrating ZnO onto bendable substrates is crucial for
the development of wearable and conformal storage devices. Flexible stainless steel (FSS)
is an appropriate substrate due to its high mechanical strength, good thermal stability, and
high temperature processability [12,13]. However, the crystallinity and surface morphology
of the seed layer need to be strictly controlled to prepare high-quality ZnO films on FSS.
Rapid thermal annealing (RTA) has been shown to effectively improve the crystallinity
of the ZnO seed layer, thereby promoting the uniform growth of vertically oriented ZnO
nanorods via hydrothermal synthesis [14,15]. In addition, polyvinyl pyrrolidone (PVP) is
a commonly used polymer additive that can effectively improve the dispersion, particle
size, and morphology of ZnO and enhance some of its properties by adsorbing on the ZnO
surface [16,17].

In this study, ZnO thin films were deposited on FSS substrates by a sol–gel method,
followed by RTA at different temperatures to optimize the crystallinity of the seed layer.
ZnO nanorods were then grown via a hydrothermal process with and without the addition
of PVP to form a hybrid polymer–oxide composite structure. The structural and optical
properties of the films were characterized by X-ray diffraction (XRD). The resistive switch-
ing characteristics were evaluated to determine the effects of polymer incorporation and
thermal treatment on the device performance. In addition, the radiation-tolerant cyclic
tests were conducted to evaluate device stability under irradiation.

2. Experimental
The ZnO seed layer was deposited on FSS substrates using sol–gel spin coating. A

0.5 M zinc acetate dihydrate [Zn(CH3COO)2·2H2O, 99.0%, Sigma-Aldrich, St. Louis, MO,
USA] solution was prepared in a 1:1 molar ratio in 2-methoxyethanol (Sigma-Aldrich, St.
Louis, MO, USA) with monoethanolamine (MEA, Sigma-Aldrich, St. Louis, MO, USA) as a
stabilizer. The solution was magnetically stirred at 60 ◦C for 1 h to ensure homogeneity.
After aging for 24 h, the precursor solution was spin-coated onto ultrasonically cleaned FSS
substrates at 3000 revolutions per minute (RPM) for 30 s. The coated film was pre-baked at
300 ◦C for 5 min to remove residual solvent. This coating and baking process was repeated
5 times to obtain a uniform coating. Finally, rapid thermal annealing (RTA) was performed
at 600 ◦C for 5 min in air to improve crystallinity. ZnO nanorods were grown on seed-coated
substrates using a low-temperature hydrothermal method. A growth aqueous solution
containing 25 mM zinc nitrate hexahydrate [Zn(NO3)2·6H2O, 99.0%, Sigma-Aldrich, St.
Louis, MO, USA] and 25 mM hexamethylenetetramine (HMTA, Sigma-Aldrich, St. Louis,
MO, USA) was prepared. For PVP-doped samples, polyvinylpyrrolidone (PVP, Sigma-
Aldrich, St. Louis, MO, USA) was added at a concentration of 1.0 g/L. The substrate was
placed face down in the solution and incubated in a sealed container at 90 ◦C for 6 h. After
the growth was completed, the sample was rinsed with deionized water and dried at
60 ◦C. The hydrothermal growth process was repeated once to increase the density of
the nanorods.

The crystal structure and phase purity of the ZnO thin films and nanorods were
analyzed by X-ray diffraction (XRD, Bruker D8 Advance, Bruker AXS GmbH, Karlsruhe,
Germany) combined with Cu Kα radiation (λ = 1.5406 Å). The scanning range was 20◦~60◦

(2θ) with a step size of 0.02◦. Field emission scanning electron microscopy (FESEM, JEOL
JSM-6700F, JEOL Ltd., Tokyo, Japan) was used to characterize the surface morphology
and nanorod orientation. To fabricate the resistive switching element, a top aluminum
(Al) electrode with a diameter of 200 µm was thermally evaporated onto the surface
of the ZnO nanorods through a shadow mask to form a metal–insulator–metal (MIM)
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structure. The bottom electrode was an FSS substrate. The final device structure was
Al/ZnO-NRs/FSS. The current–voltage (I-V) characteristics of the RRAM device were
measured at room temperature using a Keithley 2400 current–voltage characterization test
system. A DC voltage sweep was applied from 0 V to +5 V and then back to 0 V with a
constant current limit of 1 mA to prevent permanent dielectric breakdown. The resistive
switching behavior, durability, and retention performance of undoped and PVP-doped
ZnO nanorod-based elements were evaluated. In addition, radiation-tolerant analysis was
performed to investigate device stability under irradiation. The fabricated RRAM cells
were exposed to γ-ray irradiation with total ionizing dose (TID) levels up to 300 krad(Si).

3. Result and Discussion
Figure 1 shows the XRD patterns of PVP-doped ZnO nanorods deposited on the FSS

substrates. All samples exhibit diffraction peaks corresponding to the hexagonal wurtzite
structure of ZnO (JCPDS Card No. 36-1451), with the most prominent peak located at
2θ ≈ 34.4◦, which corresponds to the (002) crystallographic plane. This indicates that the
ZnO nanorods are preferentially oriented along the c-axis, perpendicular to the substrate
surface. The incorporation of polyvinylpyrrolidone (PVP) during the hydrothermal syn-
thesis process. The dominant (002) orientation was preserved, confirming that vertical
alignment was successfully maintained even in the presence of polymer additives.

Figure 1. X-ray diffraction patterns of PVP-doped ZnO nanorods deposited on FSS substrates.

Figure 2 shows scanning electron microscope (SEM) images of PVP-doped ZnO
nanorods deposited on an FSS substrate. The top view (Figure 2a) shows that the ZnO
nanorods exhibit a dense and uniform hexagonal structure. Each grain exhibits clear polyg-
onal facets, most of which are hexagonal, indicating good crystallinity and uniform lateral
growth. The average lateral size of a single nanorod is about 300–500 nm, and the distance
between the rods is very small. The cross-sectional SEM image (Figure 2b) clearly shows
that the ZnO nanorods are vertically arranged and densely stacked to form a columnar
array structure perpendicular to the FSS substrate. The measured thickness of the nanorod
array is about 4.5–5 µm, which is consistent across the entire substrate, reflecting the stable
growth conditions during the hydrothermal process.
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Figure 2. SEM images of PVP-doped ZnO nanorods (a) top view and (b) cross-section.

Figure 3 shows the typical I-V characteristics of the PVP-doped ZnO nanorod RRAM
device measured under bipolar voltage sweeps. The device exhibits clear resistive switching
behavior with a typical bipolar pattern: a “SET” process occurs under positive bias, causing
the device to transition from a high-resistance state (HRS) to a low-resistance state (LRS),
while a “RESET” process occurs under negative bias, causing the device to switch back
from the low-resistance state to the high-resistance state. In the forward sweep (path 1), the
current increases sharply around +1.0 V, indicating the formation of a conductive filament
and the transition to the low-resistance state. In the reverse sweep (path 3), the device
switches back to the high-resistance state at about −1.0 V, probably due to the breakage
of the conductive path. At 1 V, the current ratio between the high-resistance state and the
low-resistance state is about 103–104.

Figure 3. Bipolar I–V characteristics of the PVP-doped ZnO nanorod RRAM device. The black
squares and red dots represent the I–V curves measured under positive and negative voltage
sweeps, respectively.
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Figure 4 shows the endurance performance of the PVP-doped ZnO nanorod RRAM
device under normal conditions and after gamma-ray irradiation. The SET and RESET
switching voltages were recorded for 100 consecutive cycles. For the unirradiated device,
the SET voltage remained stable at approximately +0.0005 V, and the RESET voltage
remained stable at approximately −0.0015 V, demonstrating excellent repeatability. The
irradiated device exhibited a slight downward shift in the SET voltage and a corresponding
upward shift in the RESET voltage, attributed to radiation-induced defect generation and
charge trapping. However, the device maintained stable bipolar switching behavior with
negligible performance degradation, confirming that the polymer–oxide hybrid structure
enhances the device’s radiation resistance and cycling endurance, thereby supporting
reliable RRAM applications in harsh environments.

Figure 4. Endurance characteristics of PVP-doped ZnO nanorod RRAM devices with and without
radiation exposure.

4. Conclusions
In this study, we successfully fabricated hybrid polymer–oxide composite RRAM

devices by incorporating PVP into ZnO nanorod structures grown on the FSS substrate.
The ZnO thin films, prepared via sol–gel spin coating and treated with RTA, provided high-
quality seed layers that enabled the vertical alignment of nanorods through hydrothermal
growth. Structural analysis confirmed that the PVP-doped ZnO nanorods retained the
wurtzite crystal structure with preferred (002) orientation, while SEM observations revealed
dense, vertically aligned arrays with improved surface morphology. Electrical measure-
ments demonstrated stable bipolar resistive switching behavior with a high HRS/LRS
current ratio exceeding 103, and well-defined SET and RESET processes. Endurance testing
over 20 cycles further confirmed the reliability and repeatability of the switching perfor-
mance. Furthermore, radiation-tolerant cyclic tests under γ-ray irradiation revealed that
the devices maintained stable SET/RESET voltages with only slight drift, indicating that
the polymer–oxide hybrid structure effectively suppressed radiation-induced leakage and
defect generation. The incorporation of PVP effectively modulated the surface states of
ZnO nanorods, reduced trap-induced defects, and improved switching uniformity. These
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results suggest that PVP-doped ZnO nanorod structures are promising candidates for
high-performance, flexible non-volatile memory applications.
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