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Abstract
In this study, sol–gel-processed amorphous-phase ZrO2was used as an active channelmaterial to
improve the resistive switching properties of resistive randomaccessmemories (RRAMs).
ITO/ZrO2/AgRRAMdevices exhibit the properties of bipolar RRAMs. The effect of the post-
annealing temperature on the electrical properties of the ZrO2 RRAMwas investigated. Unlike the
ZrO2films annealed at 400 and 500 °C, those annealed at 300 °Cwere in amorphous phase. The
RRAMbased on the amorphous-phase ZrO2 exhibited an improved high-resistance state (HRS) to
low-resistance state ratio (over 106) as well as promising retention and endurance characteristics
without deterioration. Furthermore, its disordered nature, which causes efficient carrier scattering,
resulted in low carriermobility and the lowest leakage current, influencing theHRS values.

1. Introduction

Modeled after the human brain, neuromorphic computing systems have great potential applications in next-
generation electronic devices. Neuromorphic computing has emerged as an optimized approach for realizing
real time interaction systemswith various environments associatedwith autonomous applications such as
robotics or face classification [1, 2]. However, to realize a neuromorphic computing systemusing conventional
memories and circuits, the scaling issue needs to be resolved. In general, conventionalmemories and circuits
require physical separation between them [3].Moreover, the neuromorphic computing system requires greater
device density to realize human-like operations; therefore, a new device concept, demonstrating extreme
scalability, is needed to overcomeMoore’s law. A variety of conventional flashmemory devices and resistive
randomaccessmemory (RRAM) devices have been considered promising candidates with extreme scalability
(<10 nm) and improved power consumption efficiency [4–6]. A transistor–oneRRAMstructure is utilized to
solve the sneak path issuewhile fabricating theRRAMarray [7, 8]. According to numerous studies, ZrO2 is
considered a promising active channel layer for RRAM [9–11].Moreover, the performance of thin-film
transistors (TFTs) is remarkably improved using a ZrO2 insulator for TFTs [12–14]. Thus, ZrO2 can be
simultaneously used as an insulator for transistors and an active channel layer, resulting in reduced
manufacturing steps.

The sol-gel process is an easy and simplemethod to obtain high-qualitymetal oxide layers. The solution
phase precursor allows sufficient amounts of ink for spin-coating, dip coating, and printing processes for large-
area applications without using the conventional vacuum-based high-cost deposition tools.

In this study, a sol–gel-processed ZrO2 layer was used as the active channel layer in RRAM.The structural,
chemical and electrical characteristics of the ZrO2 active channel layers for RRAMwere investigated as a
function of the post-annealing temperatures (300 °C, 400 °C, and 500 °C). ZrO2films annealed at 300 °C
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showed an amorphous phase. TheRRAMcomprising ZrO2films annealed at 300 °C showed an improved high
resistance state (HRS) to low-resistance state (LRS) ratio (>106)with promising retention and endurance
characteristics. The endurance and retention lasted 102 cycles and 103 s, respectively, without deterioration. In
addition, the 300 °Cannealing process has the potential to fabricateflexible ZrO2 RRAMdevices on polyimide
substrates with high glass transition temperature (311 °C).

2.Methods

2.1. Fabrication process
In this study, 0.001mol of zirconium (IV) acetylacetonate (Zr(C5H7O2)4) from SigmaAldrichwas used as a
precursor. It was dissolved in 9.9ml of ethanol, and 0.1ml of ethanolamine (SigmaAldrich)was added as a
cappingmaterial. The ultrasonication process was performed for 1 h at room temperature to clear the ZrO2

precursor solution. Commercial indium tin oxide (ITO)-deposited glass substrates (SigmaAldrich)were
prepared to fabricate the ZrO2RRAMdevice. Before depositing ZrO2, the substrates were cleaned using
ultrasonic equipment for 10 minwith acetone and deionizedwater. UV/O3 treatment was performed for
10 min to eliminate contaminated organic debris andmake the surfaces of ITOglass hydrophilic to ensure that
the solution precursorwas coated appropriately during the spin-coating process. The prepared precursor
solutionwas deposited on ITO glass substrates using a spin-coatingmethod (3000 rpm for 50 s). A soft-drying
process at 150 °C for 10 min in air was employed to evaporate the solvent, and additional annealing processes
were performed on the hot plates at 300 °C, 400 °C, and 500 °C for 3 h in air. Finally, 20 nm-thick ZrO2 films
were formed. A shadowmaskwas used in the thermal evaporator to form a 30μm×30μmAg layer, which
served as the top electrode, and a 100 nm-thick Ag layer was deposited at a rate of 1Å s−1 whilemaintaining a
pressure of 5−6 Torr.

2.2. Analysismethod
The structural features and phasewere investigated bymeasuring the grazing incidence x-ray diffraction
(GIXRD) via X’pert Prowith aCuKαwavelength of 1.54 Å and a small incident angle of 0.3°. X-ray
photoelectron spectroscopy (XPS,Quantera SXM)was used to identify the elemental and chemical
compositions. Film thickness wasmeasured using a scanning probemicroscope (ParkNX20, tappingmode). An
Agilent 4155 semiconductor parameter analyzer was run at room temperature to estimate the electrical
characteristics of the air.

3. Results and discussions

Figure 1 shows theGIXRD spectra of sol–gel-processed ZrO2films annealed at 300 °C, 400 °C, and 500 °C. The
ZrO2films annealed at 300 °Cdid not show any peaks, indicating amorphous-phase ZrO2films. Films annealed
at 400 °C showed only one broad peak at 30.51°, whereas those annealed at 500 °Cwere consistent with cubic
polycrystalline structured ZrO2films (JCPDS: 81–1550). In detail, a total of four diffraction peaks appeared at
30.51°, 35.17°, 50.77°, and 60.25°, representing the (111), (200), (220), and (311) orientations, respectively.
Among them, ZrO2films primarily grew in the (111) direction.With an increase in annealing temperature, the
intensity of the peaks also increased, indicating the enhanced crystallinity and grain growth of the deposited
ZrO2films. Additionally, the preferential orientation peak, particularly for the (111)plane, became sharper and
dominant as the post-annealing temperature increased. The Scherrer equationwas used to determine the
crystalline size; this equationwas applied to the full width at halfmaximumof a peak observed in theGIXRD

Figure 1.GIXRDpatterns of sol–gel-processed ZrO2 layers at different annealing temperatures.
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whereλ is the x-ray wavelength,β is thewidth at half the peak value, and θ is the Bragg angle. The calculated
crystalline size of the ZrO2 film annealed at 400 °Cand 500 °Cwere 2.3 and 13.3 nm, respectively.

Figures 2(a)–(c) shows theO1s XPS spectra of ZrO2films obtained as a function of the annealing
temperature. TheO1s spectra have three peaks positioned at 530.0, 531.4, and 532.2 eV, representing three states
of oxygen ions. The oxygen ions (O2−), calledOLattice, which combinedwithmetal cations and turned into ZrO2,
are shown at the 530.0 eVpeak. The oxygen vacancies atmediumbinding energy, calledOVacancy, are signified at
the 531.4 eVpeak. The peak corresponding to theOHgroup and/or aqueousmolecules adsorbed on the surface
of the ZrO2films is positioned at the 532.2 eV peak. Figure 3(d) shows the area ratio ofOLattice, OVacancy, and
–OHgroups as a function of the post-annealing temperature. As the post-annealing temperature increased,
OLattice started to increase; however, theOVacancy and –OHgroups started decreasing simultaneously.More
oxygen vacancies can befilled by free oxygen atoms from the outside at high temperatures. The dynamic energy
of oxygen atoms increased, and they entered ZrO2 and easilyfilled the oxygen vacancies at elevated
temperatures. Finally, theywere converted into oxygen ions, combinedwithmetal cations (OLattice), after
cooling.

The I–Vcurves at different annealing temperatures are shown infigures 3(a) and (b). All ZrO2-based RRAM
devices exhibited conventional bipolar characteristics. Initially, the fabricated ITO/ZrO2/Agdevices were in a
HRS.When voltagewas applied fromnegative (−10.0V) to positive (+7.0 V), the current increased abruptly at
approximately+2.0 V, and the devices entered a LRS. The voltage at which the current suddenly increases is
called the SET voltage. In contrast, when a negative voltage bias was applied from+7.0 V to−10.0V, the current
decreased suddenly, turning intoHRS. Binarymetal oxides, such asNb2O3, TiO2, andZrO2, exhibit resistive
switchingmemory behavior, originating from the formation and destruction of a conductive pathwith two
representativemechanisms: (1) oxygen vacancy-based conductive pathwithin the activemetal oxide layers and
(2)metallic conductive path formation, originating fromoxidation and reduction processes from
electrochemicalmetal electrodes such as Ag orCu. In this study, the primarymechanism is themetallic
conductive path formation, which originates from the oxidation and reduction processes from the topAg
electrode.When voltagewas applied fromnegative (−10.0V) to positive (+7.0 V), Ag at the interface between
the topAg electrode andZrO2films started to oxidize and diffused into the ZrO2films, resulting in conductive
Agfilament formation. The formedAgfilament contacts the bottom ITO electrodes, changing the resistance
states fromHRS to LRS. Alternatively, when a negative voltage bias was applied from+7.0 V to−10.0V, the

Figure 2. (a)Oxygen 1s XPS of sol–gel-processed ZrO2 thinfilmswith different annealing temperatures: (a) 300 °C, (b) 400 °C, and
(c) 500 °C. (d)The respective occupancy ratio ofOLattice, OVacancy and –OHgroups in ZrO2films.
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previously formed conductive Agfilaments were broken by the reduction process and the resistance state
returned fromLRS toHRS.

Figure 3(c) shows the SET andRESET voltages as a function of post-annealing temperature. The SET and
RESET voltages for the amorphous-phase ZrO2 samples annealed at 300 °Care higher than those of the
polycrystalline phase ZrO2 samples annealed at 500 °C. Based on theGIXRDdata, the ZrO2films annealed at
300 °Cwere amorphous, whereas those annealed at 500 °Cwere polycrystalline. Normally, the grain boundary
accelerates ionmigration that decreases the SET voltage [15]. In addition, larger grains and fewer grain
boundaries reduced the Agfilament formation,making theAg filament easy to break and lowering the RESET
voltages. Therefore, the SET/RESET values of the RRAMcomprising amorphous-phase ZrO2 annealed at
300 °Cwere the highest.

Figure 3(d) shows theHRS and LRS values of fabricated ZrO2RRAMdevices. TheHRS/LRS ratios at 400 °C
and 500 °Cwere approximately 103 and 101, respectively. However, at 300 °C, a substantial HRS/LRS ratio of
>106 is observed. It is well known that oxygen vacancy (OV) can intensify the leakage current [16]. OVs are
generally regarded as defects in the oxide that act as traps and enable trap-assisted tunneling or hopping
mechanisms, thereby boosting the leakage current phenomenon.However, the RRAMbased onZrO2 annealed
at 500 °C showed the lowestHRS values and the largest leakage current, while theOV concentrationwas the
lowest based onXPS analysis. ZrO2film phase plays a critical role in the leakage currentmechanism. Compared
with the ZrO2films annealed at 400 °Cand 500 °C, the ZrO2films annealed at 300 °C showed an amorphous
phase. The carrier’s disordered nature and efficient scattering lead to low carriermobility and the lowest leakage
current, influencing theHRS values [17–19].

The J–V relationshipwas investigated to explain the current conductionmechanism of Ag/ZrO2/ITO
devices as a function of the post-annealing temperature. The positive and negative regions of the double
logarithmic plot of the J–Vcurves are shown infigure 4. Furthermore, the relationship between the current and
bias voltage of the LRS and initial HRSwas linear, followed by theOhmic conduction based on the following
equation:

m
=J

qn V

d
20 ( )

where q is the elementary charge, n0 is the carrier concentration,μ is the carriermobility, and d is the thickness
of the ZrO2 layer. In anHRS, the slope of the double logarithmic plot changed from1 to 2 as V increased. In
othermetal oxide RRAMdevices, the initial transportmechanismwasOhmic, followed by theChild’s square
law region, where the current is proportional toV2. Additionally, the Poole–Frenkel (P–F) emissionmechanism
is dominant during the transition fromHRS to LRS. For reference, equation (2) is a P–F emission formula, and
the linear section follows P–F emission byfitting ln(J/E) versus E0.5.

Figure 3. I–Vcurves for (a) the Ag/ZrO2/ITORRAMdevices depending at different annealing temperatures on a linear scale and
(b) the Ag /ZrO2/ITORRAMdevices on the log scale. (c) SET/RESET ratio values. (d)HRS/LRS ratio values. (measured device size:
30μm×30μm, read voltage:+0.1V.
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where q is elementary charge,μ is the electron’smobility due to drift,NC is the density of states inside the
conduction band, E is the electrical field,fT is the potential energy due to traps or defects, kB is the Boltzmann
constant, T is the temperature [K], and εd is the dielectric constant inherent to ZrO2 [20]. Thefitting of ln(J/E)
versus E0.5 reveals that the P–F transportmechanism is the primary transportmechanismunder theHRS
condition, regardless of post-annealing temperatures.

Retention and endurance are usuallymeasured to verify the performance of theAg/300 °Cannealed
ZrO2/ITORRAMdevice, which has the highestHRS/LRS ratio. TheHRS and LRS values were obtained at a

Figure 4. (a)Positive andnegative regions of double logarithmic plot of J–Vcurves as a function of the post-annealing temperature:
(a), (c), (e) positive and (b), (d), (f)negative voltage regions.

Figure 5. (a)Retention characteristics of sol–gel-processed Ag/ZrO2/ITORRAMand (b) endurance characteristics of the Ag/ZrO2/
ITORRAM.
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read voltage of+0.1V. TheHRS/LRS ratio (over 106) of the RRAMbased onZrO2 annealed at 300 °Cwere the
highest and lasted for up to 103 programs/erase cycles.Moreover, the LRS andHRS lasted for approximately
103 s, withminimal degradation.

4. Conclusion

In this study, a ZrO2RRAMdevicewas fabricated using the sol–gelmethod and devices with the best
characteristics were studied by varying the annealing temperature. The ZrO2 films annealed at 300 °C showed an
amorphous-phase ZrO2. RRAMbased on amorphous-phase ZrO2 shows an improvedHRS/LRS ratio (>106)
with promising retention and endurance characteristics. Its endurance and retention lasted for 102 cycles and
103 s, respectively, without deterioration. The disordered structures of the amorphousmaterials lead to low
carriermobility and the lowest leakage current, thereby influencing theHRS value.
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