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a b s t r a c t 

We have realized efficient photopatterning and high-quality ZrO2 films through combustion synthesis and 

manufactured resistive random access memory (RRAM) devices with excellent switching stability at low 

temperatures (250 °C) using these approaches. Combustion synthesis reduces the energy required for ox- 

ide conversion, thus accelerating the decomposition of organic ligands in the UV-exposed area, and pro- 

moting the formation of metal-oxygen networks, contributing to patterning. Thermal analysis confirmed 

a reduction in the conversion temperature of combustion precursors, and the prepared combustion ZrO2 

films exhibited a high proportion of metal-oxygen bonding that constitutes the oxide lattice, along with 

an amorphous phase. Furthermore, the synergistic effect of combustion synthesis and UV/O3 -assisted 

photochemical activation resulted in patterned ZrO2 films forming even more complete metal-oxygen 

networks. RRAM devices fabricated with patterned ZrO2 films using combustion synthesis exhibited ex- 

cellent switching characteristics, including a narrow resistance distribution, endurance of 103 cycles, and 

retention for 105 s at 85 °C, despite low-temperature annealing. Combustion synthesis not only enables 

the formation of high-quality metal oxide films with low external energy but also facilitates improved 

photopatterning. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In recent years, the rapid growth of data-intensive comput- 

ng systems such as artificial intelligence (AI), big data analysis, 

nd Internet of Things (IoT) devices has increased the demand for 

ext-generation memory devices that offer better durability, faster 

perating speed, and higher energy efficiency [1–5] . Conventional 

emory technologies like flash memory have been widely used as 

he foundation of computing systems. However, with the advent 

f AI and IoT applications, these conventional memory devices are 

acing performance and scalability limitations due to the contin- 

ously increasing demands for data storage and processing [5–7] . 

s a result, alternative memory technologies have been proposed 

o address these challenges and meet the increasing data require- 

ents. Resistive random access memory (RRAM) is gaining signif- 
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cant attention as one of the next-generation non-volatile memo- 

ies due to its technological features, such as low power consump- 

ion, high operating speed, and excellent stability [8–10] . Moreover, 

hese devices provide high scalability through a simple crossbar 

tructure, enabling them to meet the increasing data requirements 

 4 , 11 ]. RRAM typically consists of a simple two-terminal capaci- 

or structure with dielectric materials inserted between two elec- 

rodes. The memory characteristics of RRAM are determined by the 

roperties of the dielectric materials, which act as the switching 

ayer [12] . Accordingly, many studies have been conducted to find 

arious materials (including organic, inorganic, and electrolytes) 

uitable for switching layers [13–15] , along with efforts to imple- 

ent high-quality switching layers to enhance memory character- 

stics [16–18] . Among them, metal oxides such as TiO2 , ZnO, NiO, 

O3 , Cux O, and Al2 O3 have been investigated as promising can- 

idates for the switching layer due to their CMOS compatibility 

nd wide bandgap, which provides optical transparency and low 

eakage current [19–21] . Especially, ZrO2, with its high dielectric 
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onstants ( > 20) and excellent electrical/chemical reliability, has 

he potential to serve as the switching layer in low-voltage RRAM 

evices and can contribute to low-power operation, which is re- 

uired for next-generation memories [22–24] . In various studies, 

rO2 -based RRAM devices have exhibited good switching charac- 

eristics [25–27] , and it has also been reported that ZrO2 can be 

sed in a multilayer structure to control the switching behavior 

28–30] . In addition, to implement an RRAM crossbar array instead 

f a single RRAM device, a selector is required to overcome the 

neak path problem [31] . The ZrO2 layer can be used not only as 

he switching layer in RRAM but also as the insulator layer in thin- 

lm transistors that can serve as selectors [31–33] . This can reduce 

nnecessary process steps, saving both process time and cost. 

From the process perspective, the fabrication of metal oxides 

or RRAM has been conducted using costly equipment and time- 

onsuming vacuum systems (e.g., sputtering or atomic layer de- 

osition) [ 34 , 35 ]. Furthermore, these methods are limited in the 

ubstrate area that can be deposited, depending on the volume 

f the vacuum chamber. These limitations have spurred the de- 

and for new processing methods, and the sol-gel approach has 

merged as a promising alternative for low-cost, large-area metal 

xide electronic devices. Metal oxide films fabricated through the 

ol-gel approach are formed from liquid precursors, allowing for 

exible control over the internal components of the precursor to 

btain optimized oxide films. Furthermore, these precursors can 

e utilized as inks in solution-based techniques such as spin coat- 

ng or printing, offering the advantages of simple and cost-effective 

eposition of metal oxide films on large areas [36–38] . However, 

here are challenges that need to be addressed to practically uti- 

ize these solution-based technologies. 

First, a considerable amount of energy is required to convert 

he precursor into an oxide film and sufficiently remove internal 

rganic residues, and for this, high-temperature annealing of > 

00 °C is usually accompanied by precursor deposition. Previous 

eports on solution-processed ZrO2 RRAM devices also included 

igh-temperature post-annealing to obtain good switching charac- 

eristics, and low-temperature-processed devices had significantly 

educed endurance and retention performance due to deteriorated 

xide films [ 21 , 39 ]. Unfortunately, high-temperature processing af- 

ects adjacent regions and causes deformation to the heat-sensitive 

lastic substrates commonly used in flexible device development. 

herefore, various techniques (such as UV photo annealing, O2 an- 

ealing, and aqueous solvent) have been investigated to achieve 

ol-gel-based oxide films at low temperatures without compromis- 

ng the quality of the films and satisfying thermal compatibility 

ith plastic substrates [40–42] . Among them, combustion synthe- 

is is one of the chemical approaches that enable the fabrication of 

arious high-quality oxide films at low temperatures without the 

eed for additional equipment [43] . Furthermore, it can be com- 

ined with other approaches to boost their effectiveness. The high- 

uality ZrO2 films obtained through combustion processes at low 

emperatures can significantly enhance RRAM devices’ switching 

haracteristics, particularly the stability-related performance. 

Another challenge is to develop alternative methods for pat- 

erning solution-processed oxide films. Until now, patterning tech- 

ology has been developed based on photolithography. This tech- 

ology enables accurate and fine pattern implementation, but 

he relatively complex process contrasts with the productivity of 

olution-based technologies. As a result, various patterning meth- 

ds, such as printing techniques and surface energy modulation, 

ave been studied [ 37 , 44 , 45 ]. Inkjet and gravure printing technolo-

ies have shown good compatibility with solution-based processes 

ut have difficulties in uniformly controlling the shape, thickness, 

nd morphology of patterns. Surface energy control also faces the 

hallenge of nonuniform pattern formation caused by the coffee 

ing effect [46] . Achieving uniform pattern formation is a crucial is- 
69
ue directly linked to the performance of the RRAM device. In this 

egard, UV photopatterning using the photoreaction of solution- 

rocessed oxide films is proposed as a new alternative. Patterned 

lms are created through selective precursor conversion in the UV- 

xposed areas using a shadow mask, and the precursor in the non- 

xposed regions is removed by rinsing with a developing solution. 

nlike the techniques above, this method is one of the subtractive 

pproaches that allow for fine patterning while ensuring the mor- 

hological uniformity of patterned films [ 47 , 48 ]. However, conven- 

ional sol-gel methods still face challenges in effective photopat- 

erning through photoreaction due to the considerable energy re- 

uired for the decomposition of organic ligands and conversion 

nto oxide films. Combustion synthesis promotes oxide formation 

ven at low external energy due to the chemical energy generated 

y the exothermic reaction [49] , so the precursor conversion can 

e induced more effectively than conventional precursors during 

V irradiation for photopatterning. Therefore, combustion synthe- 

is can be a promising approach for manufacturing sol-gel-based 

xide RRAM, as it simultaneously enables effective photopattern- 

ng and the formation of high-quality oxides at low temperatures. 

espite these potential advantages, there are few reports on ZrO2 

RAM devices that achieve both high-quality ZrO2 film fabrication 

nd effective patterning for the switching layers using combustion 

ynthesis. 

In this paper, we report the implementation of efficient pho- 

opatterning and high-quality ZrO2 films through combustion syn- 

hesis, and the excellent switching stability of RRAM devices fabri- 

ated at low temperatures using these approaches. Photopatterning 

s distinguished from blocked regions through the selective pre- 

ursor conversion in the UV-exposed areas. Combustion synthesis 

educes the energy required for oxide conversion, thus accelerat- 

ng the decomposition of organic ligands in the exposed area, and 

romoting the formation of metal-oxygen networks, contributing 

o patterning. We conducted thermogravimetric analysis (TGA) and 

onfirmed a reduced temperature for the conversion to oxides by 

ombustion synthesis. The structural properties and internal com- 

osition differences between ZrO2 films fabricated from conven- 

ional and combustion precursors were investigated using grazing 

ncidence X-ray diffraction (GIXRD) and X-ray photoelectron spec- 

roscopy (XPS) spectra. The prepared combustion ZrO2 films exhib- 

ted an amorphous phase with high metal-oxygen contents that 

onstitute the lattice. Using combustion synthesis-based pattern- 

ng and ZrO2 films, we fabricated Ag/ZrO2 /ITO structured RRAM 

evices at low temperatures (250 °C) and evaluated their switch- 

ng behavior. The prepared RRAM devices demonstrated excellent 

witching characteristics, including a narrow resistance distribu- 

ion, endurance of 103 cycles, and retention for 105 s at 85 °C. 

. Experimental methods 

.1. Synthesis of combustion ZrO2 solution 

ZrO2 solutions were prepared through the following process. 

irst, 0.001 mol of Zirconium acetylacetonate (Zr(C5 H7 O2 )4 ) was 

issolved in 10 mL of ethanol for 0.1 M zirconium solution. Then, 

he prepared solution was subjected to ultrasonication for 1 h 

o obtain a clear answer. Next, 0.001 mol of ammonium nitrate 

NH4 NO3 ) and urea (CO(NH2 )2 ), which act as the oxidizer and fuel 

n the combustion solution, were added to the zirconium solution. 

ig. S1(a) in the Supplementary material illustrates the chemical 

eactions associated with combustion synthesis. In the basic mech- 

nism of combustion synthesis, the fuels ignite at low external en- 

rgy to provide chemical energy inside, and NO3 
– acts as an oxi- 

izer, effectively aiding in the combustion reaction, which is a type 

f redox reaction. For the Zr source we used, it did not contain ox- 

dizers in the anion, so we used NH NO as a substance to pro- 
4 3 
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Fig. 1. (a) Schematics of ZrO2 films photopatterning based on combustion synthesis, and optical images of patterned ZrO2 films for various UV exposure times. (b) AFM 

images of patterned films and thickness obtained through step measurements. 
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ide NO3 
–, and finally, we added CO(NH2 )2 as the fuel for ignition. 

he mixture was aged at 80 °C for 48 h, resulting in a clear yel-

owish solution. Conventional precursors were prepared using only 

r(C5 H7 O2 )4 without adding an oxidizer and fuel used in combus- 

ion precursors. 

.2. Fabrication process of ZrO2 rram 

The prepared ZrO2 solutions were spin-coated on indium tin 

xide (ITO)-coated glass substrates to form the ITO/ZrO2 structure. 

efore coating, the ITO-coated glass was subjected to UV/O3 treat- 

ent for 10 min to control its wettability. The prepared solutions 

ere spin-coated on ITO-coated glass at 30 0 0 rpm for 50 s and

ried on a hot plate heated to 150 °C for 1 min. To pattern the

rO2 films deposited on the front surface of ITO, a shadow mask 

as placed over the dried ZrO2 films, and UV exposure was per- 

ormed for various durations using UV/O3 equipment. Afterward, 

he UV-treated ZrO2 films were developed in DI water for 1 min. 

he schematics of the preparation steps for ZrO2 RRAM are shown 

n Fig. 1 , and the results of ZrO2 patterning with respect to UV 

xposure time will be addressed below. The UV light used for pat- 

erning has two main wavelengths: 254 and 184 nm, with an in- 

ensity of 28 mW cm–2 . The patterned ZrO2 films were annealed at 

 low temperature of 250 °C for 1 h to induce thermal activation. 

astly, 50 nm-thick Ag electrodes (80 μm × 80 μm) were deposited 

nto the patterned ZrO2 films using thermal evaporators, resulting 

n the fabrication of Ag/ZrO /ITO structured RRAM devices. 
2 

70
.3. Characterization of ZrO2 films and RRAM 

TGA was utilized for the thermal behavior analysis of the 

repared combustion precursors. The thermal behavior of the 

ried precursors was monitored while heating them at a rate of 

0 °C/min. The changes in the structural properties of the pre- 

ared ZrO2 films were observed through GIXRD with Cu K α radia- 

ion ( λ = 1.54 Å). The film surface morphology and the thickness 

f patterned ZrO2 films were determined using atomic force mi- 

roscopy (AFM). The internal compositional changes of the ZrO2 

lms fabricated using conventional and combustion precursors 

ere analyzed using XPS with a monochromatic Al K α (1488 eV) 

ource. The switching characteristics of Ag/ZrO2 /ITO RRAM were 

easured using a Keithley 4200-SCS analysis system at a probe 

tation. 

. Results and discussion 

Fig. 1(a) illustrates the process of patterning ZrO2 film for man- 

facturing RRAM and exhibits the varying ZrO2 patterns on an 

TO substrate according to the UV exposure time. UV irradiation 

f metal precursors induces photolytic decomposition of ligands 

nd partial metal-oxygen bonding, leading to differences in the 

lms compared to the unexposed areas [40] . The photopattern- 

ng of combustion precursors compared to conventional precur- 

ors following the described steps can be observed in Fig. S1(b, 

). When exposed to UV light for the same duration on Si sub- 
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Fig. 2. TGA results of the combustion and conventional ZrO2 precursors. 
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trates, the combustion ZrO2 films clearly separate between the ex- 

osed and unexposed areas, and only the areas exposed to UV af- 

er the development are patterned. In contrast, conventional ZrO2 

atterns exhibit messy boundaries, which is due to the inadequate 

insing of the areas blocked by the shadow mask with not only 

I water but also ethanol during the developing process, reveal- 

ng the limitations in photopatterning of conventional precursors. 

uch differences arise due to the reduced energy required for the 

onversion into oxides through combustion synthesis, which facil- 

tates sufficient precursor decomposition and accelerates the for- 

ation of metal-oxygen networks upon UV exposure. After ver- 

fying the patterning effect of combustion precursors, we con- 

rolled the UV exposure time to obtain clear ZrO2 patterns for 

he Ag/ZrO2 /ITO structure. Short-duration UV exposure (20 min) 

ails to induce sufficient decomposition of the ligands, resulting in 

nclear and rounded boundaries. The surface of the UV-exposed 

rO2 films appears to be rough and not smooth. However, as the 

V exposure time increases, the boundaries of the patterns be- 

ome progressively clearer, and optimal ZrO2 patterns are obtained 

ith 40 min of UV treatment. The surface morphology of the pat- 

erned ZrO2 films is shown in Fig. 1(b) , and the RMS roughness of 

he films is estimated to be 0.702 nm, indicating smooth surface 

haracteristics. Also, the thickness of the ZrO2 films obtained by 

tep measurement using AFM is 21.6 nm. We fabricated RRAM de- 

ices by depositing Ag top electrodes onto clearly patterned ZrO2 

lms. In addition, the UV process conducted using UV/O3 equip- 

ent can observe other effects besides patterning. UV reacts with 

xygen in the air to generate O3 and oxygen radicals. Due to 

heir high diffusivity and reactivity compared to oxygen, the gen- 

rated oxygen radicals can promote the formation of metal-oxygen 

onds even at low temperatures and play a role in removing or- 

anic residues [50] . This can create a synergistic effect by com- 

ining with the low-temperature process, which is the combustion 

ynthesis we used. The compositional changes of the ZrO2 films 

aused by UV/O3 treatment will be further investigated in detail in 

he XPS spectra below. 

Fig. 2 shows the TGA curves of different ZrO2 precursors, which 

ere measured to estimate the energy required for precursor con- 

ersion. The conversion is determined based on the temperature 

ange in the TGA curves where weight change is observed. The 

eight of the combustion precursors abruptly decreases by more 

han 20% at around 240 °C, and after that, the weight change 

s relatively insignificant. In contrast, the conventional precursors 

xhibit similar curves below 200 °C but show a gradual weight 

oss without any noticeable changes. Therefore, based on the TGA 

urves, it can be observed that combustion precursors undergo 

ost of the conversion at around 240 °C, whereas conventional 

recursors require temperatures above 400 °C. TGA analysis sug- 

ests that the precursor conversion temperature in the combus- 

ion system occurs at a notably lower temperature than conven- 

ional precursors. This difference in conversion temperature indi- 

ates that the external energy required for conversion to oxide is 
71
educed due to the internal energy generated by the exothermic 

eaction of the combustion precursors. Based on the conversion 

emperature obtained from thermal analysis, we determined that 

ufficient conversion into ZrO2 films could occur even at 250 °C. 

lso, we anticipate that the fabricated ZrO2 RRAM devices exhibit 

mproved performance compared to devices manufactured using 

onventional precursors that require high-temperature annealing. 

etails about these expected outcomes will be discussed further 

n the subsequent section on electrical characteristics. 

The structural properties of the oxide films used as the switch- 

ng layers significantly influence the switching properties of the 

repared RRAM. In crystalline oxides, the grain boundaries are the 

ites where oxygen vacancies or metal cations migrate, providing 

aths for the formation of conductive filaments [51–53] . Further- 

ore, randomly distributed grain boundaries can lead to fluctua- 

ions in the switching behavior, associated with non-uniform form- 

ng voltages and reset operations, and contribute to an increase in 

eakage current [ 51 , 54 ]. Fig. 3 represents the GIXRD spectra of pre-

ared ZrO2 films to analyze structural properties. All ZrO2 films ex- 

ibit minor peaks corresponding to the monoclinic structure in the 

ange of 50 ° to 60 °. The spectra of the combustion ZrO2 films with 

V exposure for patterning and subsequent annealing at 250 °C 

how an amorphous state without distinct peaks. In contrast, ZrO2 

lms annealed at 400 °C using conventional precursors exhibit 

iffraction peaks at 30.5 °, 35.2 °, 50.7 °, and 60.3 ° corresponding to 

he (111), (200), (220), and (311) planes, respectively, which match 

he cubic structure of ZrO2 films (JCPDS No. 27–0997). Additionally, 

hey reveal a polycrystalline structure, distinct from other films, 

ith distinct peaks. The ZrO2 films annealed at 250 °C, regardless 

f the precursor type, disclose an amorphous state without clear 

eaks, indicating that low-temperature annealing makes it chal- 

enging for ZrO2 crystalline growth. Considering these results, com- 

ustion ZrO2 films with an amorphous structure can contribute to 

itigating the instability of RRAM switching behavior related to 

tructural properties when compared to crystalline ZrO2 films ob- 

ained through high-temperature annealing. 

We investigated the internal composition changes of the ZrO2 

lms fabricated using different precursors through XPS analysis. 

he O 1s spectra of ZrO2 films prepared under various conditions 

re shown in Fig. 4 . These spectra have been deconvoluted into 

eaks corresponding to metal-oxygen bonding (M–O) at 529.9 eV, 

xygen vacancy (Vo ) at 531.3 eV, and metal hydroxide (M–OH) 

t 532.2 eV, respectively [ 55 , 56 ]. The calculated area ratios of 

he three O 1s subpeaks are summarized in Fig. 4(e) . Unlike M–

, which represents a metal-oxygen network in ZrO2 films, OH 

roups are intermediate products formed during precursor conver- 

ion. They can serve as oxygen-associated trap sites, and the pres- 

nce of both low M–O and high M–OH contents indicates the for- 

ation of an incomplete oxide network. Additionally, oxygen va- 

ancies play a significant role in the filament formation of RRAM 

evices. They can constitute filaments on their own, and in electro- 

hemical metallization (ECM)-type devices, they can act as path- 

ays that enhance the diffusion of metal ions [ 29 , 57 , 58 ]. ZrO2 

lms annealed at 250 °C through combustion synthesis exhibit 

igher M–O content and reduced Vo and M–OH contents com- 

ared to the conventional ZrO2 films annealed at 400 °C. These 

ifferences suggest that combustion ZrO2 films form a relatively 

omplete oxide lattice even with low-temperature annealing. This 

s attributed to the chemical energy generated from combustion 

recursors, which enables precursor conversion and lattice forma- 

ion at lower temperatures. Furthermore, these results are consis- 

ent with the previous TGA analysis, which showed that most of 

he precursor conversion was completed at around 240 °C, in con- 

rast to conventional systems requiring high temperatures. After 

V irradiation for patterning, the combustion ZrO2 films still ex- 

ibit low M–O content and high Vo and M–OH content compared 
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Fig. 3. (a) GIXRD spectra of the (b) Conventional and (b) Combustion ZrO2 films annealed under different conditions. 

Fig. 4. XPS O 1s spectra of the (a–c) Combustion and (d) Conventional ZrO2 films annealed under different conditions. (e) Internal oxygen composition of ZrO2 films prepared 

with different precursors and annealing processes. 
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o the annealed sample, which means that UV irradiation alone is 

ot enough to construct sufficiently mature oxide lattices. How- 

ver, the annealed samples show different oxygen compositions 

epending on whether UV exposure was performed. The M–O ra- 

io of combustion ZrO2 films annealed with UV exposure increases 

rom 42.57% to 56.74%, while the Vo and M–OH ratios decrease. We 

ould like to note that UV/O3 -assisted photochemical activation 

lso contributes to ligand decomposition and metal-oxygen bond- 

ng during the film formation step. The highly diffusive and re- 

ctive oxygen radicals generated can promote metal-oxygen bond- 

ng even at low temperatures, leading to the formation of a more 

omplete oxide network. This method provides uniform patterning 

f oxide films while facilitating metal oxide formation without a 

igh-temperature process, similar to combustion synthesis. There- 

ore, through XPS analyses, it is demonstrated that the combus- 

ion system forms a more complete metal oxide network even at 

ow temperatures with fewer oxygen-related defects (such as oxy- 

en vacancies), and the combustion ZrO2 films annealed after UV 

xposure exhibits high-quality films with enhanced metal-oxygen 

onding. This serves as an example of the synergistic effect com- 

ined with combustion synthesis. 

To investigate the effects of combustion synthesis on electrical 

erformance, we fabricated Ag/ZrO /ITO RRAM devices and eval- 
2 

72
ated their switching characteristics. Our structures are based on 

he RRAM devices employing the ECM mechanism, similar to our 

revious report [ 21 , 56 ]. This structure operates as devices based 

n the movement of Ag ions and the associated oxidation and re- 

uction reactions. By applying positive biases to the Ag top elec- 

rodes, Ag+ ions generated as a result of oxidation at the Ag/ZrO2 

nterface drift along the electric fields towards the bottom elec- 

rodes and undergo reduction to Ag atoms at the ZrO2 /ITO inter- 

ace. These processes repeat, leading to the connection of conduc- 

ive filaments within the switching layer. On the other hand, when 

egative biases are applied to the top electrodes, the Ag atoms 

onstituting the filament are oxidized, causing them to return to 

he top electrode. This results in the breaking of the pathway con- 

ecting the electrodes, leading to restricted current flow. Fig. S2(a) 

hows the forming voltages of RRAM devices as a function of the 

umber of ZrO2 layers. As we increased the spin-coating cycles to 

ncrease the thickness of the ZrO2 layer, higher forming voltages 

f over 10 V were required. Usually, a thicker switching layer re- 

uires higher forming voltages, which can be disadvantageous for 

ow-power operations and may be more vulnerable to program- 

ing failures [59] . On the other hand, we confirmed in our pre- 

ious research that reducing the thickness of the switching layer 

eads to a decrease in the high resistance state/low resistance state 
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Fig. 5. Electrical characteristics of RRAM devices fabricated with patterned ZrO2 films using combustion synthesis. (a) I –V curves obtained from continuous switching. (b) 

Endurance, and (c) Retention properties measured at a Vread of 0.2 V. (d) Cumulative probability distribution of resistances for patterned combustion and conventional ZrO2 

RRAM devices. Distribution of (e) resistance values and (f) VSET / VRESET for patterned combustion and conventional ZrO2 RRAM devices. (g) Schematics of the process of 

filament formation and rupture in conventional and combustion RRAMs. 
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HRS/LRS) ratio due to reduced HRS resistance [21] . Therefore, con- 

idering these factors, we chose a single-layer coating, specifically 

 21.6 nm-thick ZrO2 film, as the optimal thickness. Fig. 5 shows 

he switching characteristics of patterned ZrO2 RRAMs using com- 

ustion precursors. In Fig. 5(a) , these devices exhibit bipolar RRAM 

ehavior, performing SET operation with abrupt resistance transi- 

ion from a HRS to a LRS at a SET voltage ( VSET ) of ∼ 2.2 V, and ex-

cuting RESET operation by returning to the HRS state at a RESET 

oltage ( VRESET ) of ∼ –4.7 V. Also, the I –V curves of the combustion 

rO2 RRAM show high switching repeatability, and the distribution 

f VSET / VRESET extracted at 10 intervals at 10 0 0 cycles is shown in

ig. S3. The endurance and retention characteristics, which depict 

he switching repeatability of the fabricated ZrO2 RRAM, are pre- 

ented in Fig. 5 ( b , c ). The resistance values at the HRS/LRS state

or endurance and retention characteristics are extracted at a read 

oltage of + 0.2 V. These figures reveal that the fabricated devices 

xhibit stable switching behavior. The HRS and LRS resistance val- 

es do not show any significant degradation even after 103 con- 

ecutive switching cycles, and retention, an essential characteris- 

ic of non-volatile memory, is maintained without noticeable fluc- 

uation for 105 s at 85 °C. In many previous studies, resistance 

tate changes were observed for > 104 s at an elevated temper- 

ture of 85 °C, allowing for simple predictions of retention times 

60–63] . When no significant changes were observed during the 
73
iven monitoring period, retention times were extrapolated to be 

ver 10 years. The patterned ZrO2 RRAMs showed no noticeable 

esistance changes for 105 s at 85 °C, demonstrating excellent data 

torage capabilities even at high temperatures. Also, this suggests 

hat they are estimated to retain their data continuously for 10 

ears. These switching operations are clearly distinguished from 

he ZrO2 RRAMs prepared with conventional precursors or only 

ombustion precursors without patterning, as shown in Fig. S4. 

onventional ZrO2 RRAM annealed at 250 °C shows poor switch- 

ng repeatability, with little window observed at 20 cycles. Devices 

nnealed at 400 °C exhibit improved switching characteristics, but 

 continuously decreasing HRS/LRS ratio can be seen in the mea- 

ured endurance along with apparent fluctuation in the resistance. 

ig. S4(d, e) shows the switching characteristics of the ZrO2 RRAM 

evices fabricated solely by combustion synthesis, without pho- 

opatterning. The prepared devices demonstrate improved switch- 

ng repeatability compared to conventional ZrO2 RRAMs, but there 

s observed fluctuation in resistance values, particularly in the 

RS, in the endurance characteristics. Fig. 5(d) shows the cumula- 

ive distribution of HRS/LRS resistance values obtained from ZrO2 

RAM fabricated with different precursors. These results demon- 

trate that combustion ZrO2 RRAMs exhibit a higher HRS/LRS ratio 

nd narrower resistance distribution compared to conventional de- 

ices annealed at high temperatures, indicating better uniformity 
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n switching behavior. The broad resistance distribution in conven- 

ional ZrO2 RRAM can arise from the random formation and rup- 

ure of Ag conductive filaments [64] . Fig. 5 ( e , f ) shows the sta-

istical distributions of resistance values and VSET / VRESET among 

he fabricated RRAM devices. These results are based on mea- 

urements of more than 20 devices. The combustion ZrO2 RRAMs 

xhibit much more uniform distributions compared to the con- 

entional devices, with the difference particularly pronounced in 

he resistance values of the HRS. Furthermore, conventional ZrO2 

RAMs exhibit higher VRESET and lower VSET compared to combus- 

ion RRAM devices. From the GIXRD spectra, we confirmed that 

he conventional ZrO2 films annealed at high temperatures are in 

 polycrystalline phase, whereas the patterned combustion ZrO2 

lms are composed of an amorphous phase. As mentioned ear- 

ier, fluctuations in the switching behavior associated with grain 

oundaries can be suppressed due to the amorphous phase. While 

he conventional ZrO2 RRAM with polycrystalline phases shows 

idely distributed resistance states due to randomly conductive 

ath formed along grain boundaries, the combustion ZrO2 RRAM 

evices with amorphous phases, demonstrating narrow resistance 

istributions along with excellent switching stability, serve as evi- 

ence to support this. Oxygen-related defects within the switching 

ayer also contribute to the degradation of the HRS, thereby caus- 

ng instability in the switching behavior [58] . As oxygen-related 

efects like oxygen vacancies increase within our structure, the dif- 

usion of Ag+ ions is facilitated, leading to the creation of numer- 

us conductive filament clusters. These increased clusters elevate 

eakage current, make filament breaking more challenging, leading 

o the irregularity of HRS resistance values, and consequently dete- 

iorate endurance characteristics. Moreover, entrance into the LRS 

ecomes easier while returning to the HRS becomes more difficult, 

ausing a decrease in VSET and an increase in VRESET . The differ- 

nce in the formation and rupture of filament clusters in conven- 

ional and combustion RRAMs is depicted in Fig. 5(g) . The chem- 

cal energy generated by the exothermic reaction of the combus- 

ion precursors and the photochemical reaction induced by UV/O3 

reatment acted simultaneously to decompose alkoxide species and 

ctivate metal-oxygen bonding effectively. As a result, it can be 

bserved from XPS spectra that the combustion ZrO2 films an- 

ealed at 250 °C after UV exposure show a significant reduction 

n the content of Vo and M–OH groups, in comparison to the con- 

entional ZrO2 films annealed at high temperatures. This indicates 

he formation of high-quality ZrO2 films, and the combustion of 

rO2 RRAM can exhibit improved endurance characteristics as the 

ormation of filament clusters is suppressed due to lower oxy- 

en defects, leading to easier filament control. Therefore, photopat- 

erned ZrO2 RRAM devices with combustion synthesis exhibit sta- 

le switching behavior without noticeable degradation in the HRS 

ven after multiple cycles of sweeping. This provides a clear con- 

rast with the conventional ZrO2 RRAM, where a distinct decrease 

n HRS was observed during 100 cycles of sweeping. Furthermore, 

ompared to the conventional devices, the decrease in filament 

lusters resulting in the increased VSET and decreased VRESET can 

e distinctly observed in combustion ZrO2 RRAM. The combus- 

ion ZrO2 films fabricated without photopatterning also possess an 

mmature metal oxide network with high Vo and M–OH groups 

ompared to photopatterned ZrO2 films. The relatively high lev- 

ls of oxygen-related defects lead to switching instability, partic- 

larly contributing to the degradation of HRS. By combining the 

bove factors, photopatterned ZrO2 RRAMs with combustion syn- 

hesis exhibit improved switching behavior compared to conven- 

ional ZrO2 devices annealed at high temperatures. 

Additionally, we investigated the impact of device size on per- 

ormance. Devices with relatively large areas tend to have a higher 

uantity of defects within the memory region, which can lead 

o the generation of more conductive filament clusters [65] . Fig. 
74
2(b) depicts the switching characteristics of RRAM devices fab- 

icated with different electrode areas. While no significant dif- 

erences are observed in the overall switching behavior, a de- 

rease in HRS is observed in the device with the largest electrode 

120 μm × 120 μm). This is likely due to the increased filament 

lusters resulting from the larger memory area. However, the two 

evices of different sizes (60 μm × 60 μm, 80 μm × 80 μm) did not 

how significant differences. If the electrode areas of the devices 

re further reduced, an improvement in HRS can be expected due 

o the reduction of defects within the memory region. Also, VSET 

nd VRESET in RRAM devices are correlated with the area and thick- 

ess of the devices. Devices with smaller areas contain fewer de- 

ects inducing filament formation in the memory region, resulting 

n a reduced VRESET required to break the filaments. Additionally, 

revious studies have confirmed that a decrease in the thickness 

f the switching layer leads to a decrease in the VRESET [21] . There- 

ore, appropriately controlling the device area and the thickness of 

he switching layer can be a method to reduce operating voltages. 

urthermore, using electrodes structured in pyramid or nanocone 

hapes can effectively reduce the operation voltages [ 66 , 67 ]. Unlike 

lanar electrodes, electric fields concentrated at the tips induce fil- 

ments only at the tips, achieving low VSET and VRESET with narrow 

istribution. 

To clarify the working mechanism of the prepared ZrO2 RRAM, 

e fabricated Au/ZrO2 /ITO structures with inert Au as the top 

lectrode and investigated their electrical characteristics. Fig. S4(f) 

hows the switching behavior of Au/ZrO2 /ITO devices fabricated 

sing combustion synthesis. Unlike the Ag electrode devices, the 

u/ZrO2 /ITO structures exhibit a narrow memory window and 

how unclear switching behavior. In contrast to the Ag/ZrO2 /ITO 

tructures, inert Au electrode devices do not follow the ECM mech- 

nism, which involves the diffusion of metal ions generated by ox- 

dation at the top electrodes to form filaments. Instead, they can 

perate as valence change memory (VCM) with filaments com- 

osed of oxygen vacancies. Unlike active metals like Al or Ti, Au 

oes not act as a material that absorbs oxygen, making it diffi- 

ult to induce oxygen vacancies at the Au/ZrO2 interface, and this 

imits control over the distribution of oxygen vacancies within the 

rO2 switching layer and leads to deteriorated switching behavior 

 68 , 69 ]. Therefore, the Au/ZrO2 /ITO structures exhibit poor switch- 

ng behavior compared to devices with Ag electrodes. Also, fil- 

ment formation in VCM-type devices is also influenced by the 

ork function difference between the top and bottom electrodes. 

he increased difference in work functions between the two elec- 

rodes further enhances filament formation [ 70 , 71 ]. In the previ- 

us report, when the Au (5.1 eV) electrodes were replaced with Pt 

5.65 eV), which has a higher work function, clear switching be- 

avior was observed [71] . This is attributed to the localized paths 

upplied by the work function difference, which play a crucial role 

n establishing conductive filaments based on oxygen vacancies 

72] . 

To elucidate the details of the transport mechanism in pho- 

opatterned ZrO2 RRAM, the scale of the IV curves was rescaled 

nd is shown in Fig. 6 . As seen in Fig. 6 ( a , b ), in both the SET

nd RESET processes, the slope of the LRS state in ln scale is ∼
, indicating ohmic conduction following the formation of con- 

uctive filaments. For the HRS state, it has been reported in the 

revious Ag/ZrO2 /ITO structure that Poole-Frenkel emission is fol- 

owed [ 21 , 56 ]. Poole-Frenkel emission is a mechanism in which 

hermally excited electrons within the conduction band of dielec- 

ric films overcome energy barriers and move between trap sites. 

he trap sites associated with conduction involve oxygen-related 

pecies or oxygen vacancies present within the oxide [73] . To ver- 

fy whether this emission is matched, linear fitting was attempted 

n ln( I / V ) vs. V0.5 , and the results are shown in Fig. 6 ( c , d ). During

he SET process, the HRS state exhibits a good fit to the Poole- 
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Fig. 6. Rescaled I –V curves for analyzing the conduction mechanism. I –V curves in the (a) SET and (b) RESET process adjusted on a ln-ln scale. I –V curves in the HRS during 

the (c) SET and (d) RESET processes adjusted to ln( I / V ) vs. V0.5 . Conduction mechanisms dividing into (e) Poole-Frenkel conduction and (f) Trap-assisted tunneling based on 

the electric field in the HRS during the RESET process. (g) Schematics of the band diagram in the HRS during the RESET process under low/high electric field. 
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renkel fitting across the entire range. In contrast, during the RE- 

ET process, it shows partial agreement only in specific regions 

nd exhibits different fittings depending on the electric field. The 

RS I –V curves of the RESET process were fitted separately into 

he low field and high field, as shown in Fig. 6 ( e , f ), and they

re revealed to follow Poole-Frenkel and trap-assisted tunneling, 

espectively. Fig. 6(g) shows the schematics of the band diagram 

n the HRS state under low/high fields. This dual mechanism sug- 

ests that electrons conducting by overcoming trap-induced poten- 

ial barriers at low electric fields undergo a transition to a conduc- 

ion mechanism involving tunneling from trap sites to the bottom 

lectrode as bias increases. Also, this phenomenon can only be ob- 

erved in the RESET process because the lower VSET compared to 

he VRESET causes a transition to the LRS state before entering the 

igh electric field required for tunneling. 

. Conclusions 

In this paper, we have simultaneously achieved enhanced pho- 

opatterning and high-quality ZrO2 films through combustion syn- 

hesis. Furthermore, utilizing these approaches, we fabricated ZrO2 

RAM devices with stable switching behavior at low tempera- 

ures. Combustion synthesis involves the internal energy generated 

y exothermic reactions of combustion materials, allowing for the 

onversion to oxides even at low external temperatures. As a re- 
75
ult, during photopatterning, the UV-exposed region’s organic lig- 

nd decomposition and the formation of metal-oxygen bonding are 

acilitated, thus enhancing the effects of patterning. The TGA and 

IXRD analyses demonstrated a reduction in the temperature re- 

uired for the oxide conversion of combustion precursors and re- 

ealed that the combustion ZrO2 films possess an amorphous crys- 

alline structure. Furthermore, the O 1s spectra showed a high pro- 

ortion of metal-oxygen bonding corresponding to the oxide lattice 

n the combustion ZrO2 films. When exposed to UV light for pho- 

opatterning, they were confirmed to have formed even more com- 

lete metal-oxygen networks. This is attributed to the synergis- 

ic effect of combustion synthesis and UV/O3 -assisted photochem- 

cal activation, as it also contributes to ligand decomposition and 

etal-oxygen bonding during the film formation step. RRAM de- 

ices fabricated using combustion synthesis-based patterning and 

rO2 films exhibited excellent switching characteristics, including a 

arrow resistance distribution, endurance of 103 switching cycles, 

nd retention for 105 s at 85 °C, despite low-temperature annealing 

250 °C). The improved switching stability is associated with the 

morphous phase and the formation of a complete metal-oxygen 

etwork of the combustion ZrO2 films. These factors contribute to 

he suppression of fluctuations in switching characteristics related 

o grain boundaries and the HRS degradation caused by oxygen- 

elated defects. Combustion synthesis not only enables the forma- 

ion of high-quality metal oxide films with low external energy 
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ut also facilitates improved photopatterning. Therefore, this can 

e employed as a suitable process for the mass production of sol- 

el process-based metal oxide electronic and flexible devices. 
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