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Magnesium-doped tin oxide (SnO2:Mg) thin films have attracted considerable attention as promising materials for next-generation non-
volatile memory devices due to their stable resistive switching behavior and simple fabrication processes. In this work, SnO: thin films
were fabricated by ultrasonic spray pyrolysis using a precursor solution containing 20 mol.% Mg and systematically investigated to
evaluate their memristive switching characteristics, electrical performance, and conduction behavior. Structural analysis confirmed the
formation of uniform polycrystalline thin films with a crystallite size of approximately 30 nm, while energy-dispersive X-ray
spectroscopy (EDS) revealed an actual Mg content of approximately 5 at.%, indicating partial incorporation of Mg into the SnO: lattice.
Electrical measurements demonstrated reproducible bipolar resistive switching with an ON/OFF resistance ratio of approximately 103
and stable switching behavior over multiple cycles with low voltage variation (+5%) compared to previously reported undoped SnO:
films. The observed improvement in memristive performance is attributed to Mg-induced modifications of defect states and charge-
transport pathways within the oxide matrix. Conduction analysis indicates a transition from ohmic behavior at low bias to space-charge-
limited conduction (SCLC) at higher voltages, consistent with a quadratic current—voltage relationship (I o< V?). These results
demonstrate that Mg incorporation is an effective defect-engineering strategy for tuning the electrical properties of SnO: thin films and
improving their suitability for reliable memristor and non-volatile memory applications. This approach provides a simple and scalable
route for engineering oxide-based memristive devices.
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INTRODUCTION

Resistive switching phenomena in metal-oxide thin films have attracted significant attention due to their strong
potential for application in next-generation non-volatile memory and neuromorphic computing systems [1-3]. Among
oxide materials, tin oxide (SnO:) is a promising candidate due to its wide band gap, good chemical stability, low
fabrication cost, and compatibility with conventional semiconductor technologies [4-6]. However, the practical
implementation of SnO:-based memristive devices is still limited by issues related to switching stability, ON/OFF
resistance ratio, and variability of electrical characteristics. Therefore, modifying the electrical and structural properties
of SnO: through controlled doping has become an important research direction [7—12].

Magnesium (Mg) incorporation into SnO: is expected to influence charge-transport behavior, defect distribution,
and carrier concentration within the oxide matrix, thereby directly affecting resistive-switching performance. Previous
studies on doped metal-oxide memristors have demonstrated that appropriate dopant selection can enhance switching
uniformity, reduce operating voltage, and improve endurance characteristics. However, most reported studies have
focused on undoped or transition-metal-doped SnO- systems, while systematic investigations of Mg-doped SnO: thin
films, particularly regarding memristive switching mechanisms and conduction behavior, remain limited [13—14].

In this work, we demonstrate that Mg doping acts as an effective defect-engineering approach in SnO: thin films,
enabling modulation of oxygen vacancy distribution and stabilization of conductive filament formation. As a result, the
fabricated devices exhibit improved switching reproducibility and an enhanced ON/OFF resistance ratio compared to
previously reported undoped SnO: systems. The films were prepared using the ultrasonic spray pyrolysis technique and
systematically investigated in terms of their structural, morphological, and electrical properties. Special attention was
given to switching reproducibility, the resistance ratio, and the dominant charge transport mechanisms. The results
provide new insight into Mg-induced defect states and their role in controlling charge transport and filament dynamics,
highlighting a promising pathway to improve the performance and reliability of SnO.-based memristive devices for non-
volatile memory applications.

METHODS
Mg-doped SnO: (SnO2:Mg) thin films were fabricated using the ultrasonic spray pyrolysis (USP) technique due to
its cost-effectiveness, simplicity, and suitability for large-area oxide thin-film deposition. The Mg concentration in the
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precursor solution was fixed at 20 mol.% relative to the Sn precursor. The schematic configuration of the USP deposition
system is shown in Figure 1, in which the precursor acrosol generated by an ultrasonic nebulizer is transported by a carrier
gas into a heated quartz reaction chamber to form a thin film on the substrate.

In this study, p-type silicon (p-Si) substrates were employed as the bottom electrode and supporting platform. Prior to
deposition, the substrates were sequentially cleaned in deionized water, ethanol, and acetone, followed by a final rinse in
deionized water to remove organic and inorganic contaminants and ensure uniform film adhesion. The cleaned substrates
were dried under ambient conditions and subsequently dried using nitrogen gas to eliminate residual moisture.

The fabricated memristor device consists of a single-layer SnO: thin film prepared using a precursor solution
containing 20 mol.% Mg, deposited on a p-Si substrate in a vertical metal-insulator—semiconductor configuration.
Circular silver (Ag) top electrodes were formed using conductive silver paste, while the p-Si substrate served as the
bottom electrode. This sandwich-type geometry enables electric-field-driven charge transport through the SnO.:Mg layer,
which is essential for investigating memristive resistive switching behavior.
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Figure 1. Schematic diagram of the ultrasonic spray pyrolysis system used for the deposition of SnO- thin films prepared from
a precursor solution containing 20 mol.% Mg

The precursor solution was prepared by dissolving stannous chloride dihydrate (SnClz2-2H-0) in double-distilled
water, followed by the addition of a magnesium salt corresponding to 20 mol.% Mg doping. The solution was
magnetically stirred at room temperature until complete homogenization was achieved. As illustrated in Figure 1, the
precursor solution was atomized using a 2.5 MHz ultrasonic transducer and transported toward the heated substrate by an
oxygen carrier gas.

Film deposition was carried out at a substrate temperature of 450 °C maintained by a temperature-controlled
hotplate. After deposition, the films were annealed in ambient air at the same temperature to improve crystallinity, reduce
structural disorder, and stabilize the electrical properties of the SnO2:Mg layer. Silver top electrodes were subsequently
formed for electrical characterization.

Electrical measurements of the memristor devices were performed at room temperature using a Keithley 2460
SourceMeter. A voltage sweeps sequence of 0 —» +5V — 0 — =5V — 0 was applied to record the current—voltage (I-V)
characteristics. The pinched hysteresis loop confirmed the memristive resistive-switching behavior of the fabricated
SnO2:Mg thin-film structures.

RESULTS AND DISCUSSION
a. Optical properties

The optical properties of the Mg-doped SnOs- thin film were analyzed using the Tauc method derived from diffuse
reflectance measurements, and the corresponding Tauc plot is shown in Figure 2. The optical bandgap energy was
determined by plotting the squared Kubelka—Munk function, (F(R)hv)% as a function of photon energy (hv) and
extrapolating the linear region of the absorption edge to the energy axis.

As illustrated in Figure 2, the Tauc plot indicates a direct optical transition with an estimated bandgap value of
approximately 3.75 eV for the SnO2:Mg thin film. This value is slightly lower than that of undoped SnO., which is
typically reported in the range of 3.6—4.0 eV, suggesting that Mg incorporation introduces localized defect states and band
tailing near the conduction band. Such bandgap modification is commonly associated with oxygen-vacancy-related states
and lattice distortion induced by substitutional doping.

The presence of defect-mediated sub-bandgap states is particularly relevant to memristive behavior, as these states
can act as carrier-trapping centers and facilitate charge transport under an external electric field. Consequently, the
bandgap narrowing and defect-related optical features observed in Figure 2 support enhanced resistive-switching
performance and the formation of conductive filaments in the SnO.:Mg memristor structure.
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Figure 2. Tauc plot of the Mg-doped SnO: thin film showing a direct optical bandgap of approximately 3.75 eV

b. Structural properties from X-ray diffraction analysis

The crystal structure and phase composition of the Mg-doped SnO- thin films were analyzed by X-ray diffraction
(XRD), and the corresponding diffraction pattern is presented in Figure 3. The pattern confirms that the deposited films
retain the tetragonal rutile crystal structure characteristic of SnO2, indicating that magnesium incorporation does not alter
the fundamental crystallographic phase of the host material. The main diffraction peaks corresponding to the (110), (101),
(200), and (211) crystallographic planes observed in Figure 3 are consistent with standard reference data for crystalline
SnO-, demonstrating the successful formation of well-crystallized oxide thin films.

No additional reflections associated with MgO or
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As also evident from the peak profiles in Figure 3, a
slight broadening of the diffraction peaks compared with
I L T A o LA undoped SnO: indicates a decrease in crystallite size
10 15 20 25 30 35 40 45 50 55 60 together with an increase in microstrain and defect

20 concentration caused by Mg incorporation. These
structural changes are particularly important for
memristive behavior, since they enhance the generation
and migration of oxygen vacancies that serve as the
dominant charge transport centers in oxide-based resistive
switching devices. The increased density and mobility of oxygen vacancies facilitate conductive filament formation under
an applied electric field, thereby improving switching stability and reproducibility in SnO.:Mg memristors.

The structural parameters extracted from the XRD data are summarized in Table 1. The average crystallite size,
calculated using the Scherrer equation, was found to be approximately 30 nm. Furthermore, the estimated microstrain
(e=1.2x1073) and dislocation density (& =~ 1.2x10' m™) confirm an increased defect density induced by Mg
incorporation. These microstructural features are directly correlated with enhanced oxygen vacancy mobility and
improved memristive switching performance.
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Figure 3. XRD pattern of the Mg-doped SnO:- thin film showing
the tetragonal rutile phase with dominant (110), (101), (200), and
(211) reflections and no detectable secondary phases.
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Table 1. Structural parameters of Mg-doped SnO: thin films derived from XRD analysis

(hkl) 20 (deg) d-spacing (A) Relative Intensity FWHM (rad) Crystallite Size (nm)
(110) 26.6° 3.35 Medium 0.005 30
(101) 33.9° 2.64 Low—Medium 0.006 27
(200) 37.9° 2.37 High 0.0055 28
(211) 51.8° 1.76 Very High 0.0048 31

c. Electrical properties and memristive switching behavior

The electrical characteristics of the Mg-doped SnO: thin film device were investigated using current—voltage (I-V)
measurements in the voltage range from approximately —5 V to +5 V. As shown in Figure 4, the -V curve exhibits a
well-defined pinched hysteresis loop passing through the origin, which is a characteristic signature of memristive
behavior. The device demonstrates bipolar resistive switching between a high-resistance state (HRS) and a low-resistance
state (LRS), with an ON/OFF resistance ratio of approximately 10°, confirming the formation of a stable resistive memory
effect in the SnO.:Mg thin film.

At low applied voltages, the current varies linearly with voltage, indicating ohmic conduction dominated by
thermally generated free carriers. As the voltage increases, the current transitions to a nonlinear regime associated with
space-charge-limited conduction (SCLC), suggesting trap-controlled charge transport within the oxide layer. The SCLC
region is confirmed by the quadratic dependence of current on voltage (I « V?). This transition from ohmic to SCLC
conduction is consistent with defect-mediated transport mechanisms commonly observed in oxide-based memristive
systems.

The asymmetry observed between the positive and negative voltage sweeps in Figure 4 indicates that the resistive
switching process is governed by electric-field-driven migration of oxygen vacancies and the formation and rupture of
conductive filaments across the SnO.:Mg layer. The SET process occurs at approximately +3 V, where vacancy
accumulation leads to filament formation and transition to the LRS, while the RESET process occurs near =3 V,
corresponding to partial filament rupture and recovery of the HRS. The variation in switching voltages remains within
+8%, indicating good cycle-to-cycle uniformity and device stability.

Compared to previously reported undoped SnO: devices, the Mg-doped films exhibit improved switching
reproducibility and reduced variability, which can be attributed to the more controlled distribution of oxygen-vacancy-
related defect states induced by Mg incorporation.

The stability and reproducibility of the switching behavior were further evaluated through repeated voltage cycling,
as presented in Figure 5. The device demonstrates stable resistive switching over more than 50 consecutive cycles, with
only minor variation in the I-V characteristics while maintaining a consistent hysteresis window. The variation in SET
and RESET voltages remains within £5%, indicating good cycle-to-cycle uniformity and stable filament formation
dynamics.
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Figure 4. Current—voltage characteristics of the Mg-doped Figure 5. Multi-cycle I-V curves of the Mg-doped SnO-
SnO: thin film showing bipolar memristive switching behavior device demonstrating reproducible switching and stable

hysteresis

Such endurance characteristics confirm the reliability of Mg-doped SnO: thin films for non-volatile memory and
neuromorphic device applications.

Overall, the electrical analysis demonstrates that Mg incorporation enhances defect-mediated charge transport and
stabilizes filamentary switching, resulting in an ON/OFF resistance ratio of approximately 10° and improved switching
reproducibility compared to previously reported undoped SnO: thin films.
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CONCLUSIONS

In this work, magnesium-doped SnOs: thin films were prepared using a precursor solution containing 20 mol.% Mg
were successfully fabricated by the ultrasonic spray pyrolysis technique and systematically investigated in terms of their
structural and electrical properties. The results confirm that Mg incorporation preserves the tetragonal rutile crystal
structure of SnO: without the formation of secondary impurity phases, while inducing lattice distortion, reduced crystallite
size (= 30 nm), and increased defect density. These structural modifications enhance oxygen-vacancy migration and
facilitate the formation of conductive filaments within the oxide layer.

Electrical measurements reveal stable bipolar resistive switching with a pronounced pinched hysteresis loop and an
ON/OFF resistance ratio of approximately 10°. The device exhibits reproducible switching behavior over multiple voltage
cycles with low variation in switching voltages (+5%). The conduction mechanism transitions from ohmic transport at
low bias to space-charge-limited current (SCLC) at higher voltages, consistent with trap-controlled charge transport
(I < V?). The switching process is governed by an oxygen-vacancy-driven filamentary conduction mechanism, where Mg
doping plays a crucial role in stabilizing filament formation and reducing switching variability.

Compared with previously reported undoped SnO: systems, the Mg-doped films demonstrate improved switching
reproducibility and enhanced resistance ratio, highlighting the effectiveness of Mg as a defect-engineering dopant.
Overall, the results provide new insight into defect-controlled resistive switching and confirm that Mg incorporation is a
promising strategy for improving the performance and reliability of SnO.-based memristive devices.

These findings indicate that SnO2:Mg thin films fabricated by ultrasonic spray pyrolysis represent a promising
material platform for next-generation non-volatile memory and neuromorphic applications. Future work will focus on
systematically varying Mg concentration to further optimize switching characteristics and better understand the
underlying physical mechanisms.
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Mg-IHAYKOBAHE IIOCUJIEHHS MEMPUCTUBHOT'O TIEPEMUKAHHSA B TOHKHUX IIJIIBKAX SnO:
Hoxamouipain X. Mypoxos!?, Illapkar V. IQanames?, Azamat O. Apciaanos’, Hoii6a Y. Boriposa?,
Jlxasoxip L. Xynoiikysos®, Mapry6a C. Mipkaminosal, Inooar K. Koxiposa!, Oningoii X. Ximmarky.ios!
ITawxenmevkuii Oepaicasnuti mexniunuii ynieepcumem imeni Icnama Kapimosa
’[Jenmp poseumxy nanomexnonoaii, Hayionanenuil ynisepcumem Yzbexucmary
SHayionanenuii ynieepcumem Yzbexucmany imeni Mipzo Ynye6exa, Tawkenm, Yzbexucman

Tonki mriBkn okcuny onosa (SnO2:Mg), JeroBaHOro MarieM, IPHBEPHYNIN 3HAYHYy yBary sSK IEpPCICKTUBHI Marepiaid IJIst
€HEeproHe3ale)XHUX NPUCTPOIB MaM'aTi HACTYIHOTO ITOKOJIIHHS 3aBJSIKM CBOTH CcTaOlIbHIN PE3NCTUBHIN MOBEAIHII IEPEMHUKAHHS Ta
IIPOCTHM IIpOIiecaM BUTOTOBJIEHH:. Y 1l poOoTi TOHKI IuTiBKK SnO: Oyiy BUTOTOBJICHI METOJIOM YIIBTPa3BYKOBOTO PO3ITMIIIOBAIEHOTO
ipostizy 3 BUKOPUCTAHHAM PO3YMHY-IIONEPEIHMKA, 0 MicTHTh 20 Mon.% Mg, Ta CHCTeMaTHYHO NOCIIJDKEHI JUIf OLIHKH IXHIiX
XapaKTEePUCTUK MEMPHCTUBHOTO IIEPEMHKAHHS, EJCKTPUYHMX XapaKTEPUCTUK Ta IMOBEIIHKH mpoBinHOCTi. CTPYKTypHUH aHai3
MiATBEPINB YTBOPCHHS OJHOPITHUX TIOJNIKPHCTATIYHUX TOHKHX IUTIBOK 3 PO3MIpOM KpHCTamiTiB mpubiamsHo 30 HM, Tomi SK
eHeproaucepciiHa peHTreHiBceka crekrpockomnis (EDS) BusBuna ¢axrnaanit BMictT Mg npubamsHo 5 aT.%, mo BKa3ye Ha 4aCTKOBE
BKIIOUeHHS Mg y pemitky SnO-. ExekTpidHi BUMipIOBaHHS IIPOAEMOHCTPYBAJIH BiITBOPIOBAaHE OIMOJISIPHE PE3UCTHBHE IEPEMUKaHHS
31 CIiBBIJJHOLIIEHHSIM OIIOPY BMHKAHHS/BUMHUKAaHHS MpUOIM3HO 10° Ta cTabiabHYy HOBEAIHKY MEPEMUKAHHS MIPOTATOM KUIBKOX IUKIIB
3 HU3BKUMH 3MiHAMM Hanpyru (£5%) HOpIBHSHO 3 paHille 3apeecTpOBaHMMH HejeroBaHuMu IutiBkamu SnO.. CrocrepexxyBaHe
MOKPAIIEHHS MEMPHUCTHBHOI INPOJYKTHBHOCTI HOSICHIOEThCS MoanQikamisiMu Ae(eKTHHX CTaHIB Ta LULIXIB IIEpPEeHOCYy 3apsay,
iHIyKOBaHMME Mg, B OKCHAHIH MaTpuii. AHaji3 IPOBIAHOCTI BKa3ye Ha Mepexil BiJ OMIYHOT MOBEAIHKH NPH HU3bKOMY 3MiLICHHI /10
MpoBigHOCTI, 0OMexeHoi mpoctopoBuM 3apsaaoM (SCLC), mpu BULIMX Hampyrax, UIO Y3rODKYETHCS 3 KBaJAPATHYHOIO 3aJICHKHICTIO
crpym-ammepa (I o« V?2). Ii pe3ynbTaTi JeMOHCTPYIOTb, 1110 BIPOBADKEHHS Mg € e(eKTHBHOIO cTpaTeriero qedeKTHOI iHKeHepil 1
HaJIAIITYyBaHHS EJICKTPUYHUX BIACTUBOCTEH TOHKHX IITiBOK SnO: Ta MiABHIIEHHS iXHBOI IPUIATHOCTI ISl HAAIHHNX MEMPHUCTOPIB 1
eHeproHesanexHoi mam'sti. Lei minxix 3a0e3neyye mpocTrid Ta MacITaboBaHUI IUIAX ST pO3POOKH MEMPUCTUBHUX MPUCTPOIB Ha
OCHOBI OKCHJTY.

Kurouosi cinoBa: SnO:; necysanns Mg, mempucmop, peaucmusHe nepemMuKants, eHepoHe3aIed)iCHA nam ' amo



