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This study presents the fabrication of Si/TiO thin films deposited in DC mode via magnetron sputtering onto   p-type silicon substrates and 
investigates their temperature-dependent resistive switching (RS) and low-resistance state (LRS) characteristics. The nanostructures were 
annealed at 420°C to improve crystallinity and interfacial contact. Electrical characterization through I–V measurements revealed clear 
bipolar RS behavior without the need for an initial forming process. The devices exhibited stable high-resistance (HRS) and low-resistance 
(LRS) states over multiple cycles. The switching mechanism is explained by the formation and rupture of conductive filaments induced 
by oxygen vacancies at the Si/TiO interface. Bandgap values obtained from Tauc plots were approximately 3.24 eV for TiO and 3.41 eV 
for SnO₂. These results confirm that Si/TiO nanothin films are promising materials for next-generation fast, energy-efficient, and rewritable 
memory devices. 
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INTRODUCTION 
In recent years, memristors have emerged as one of the most dynamic and influential research directions, driven by 

their promising applications in neuromorphic computing, advanced artificial intelligence hardware, and next-generation 
non-volatile memory technologies. Recognized as the fourth fundamental passive circuit element—alongside resistors, 
capacitors, and inductors—memristors uniquely possess the ability to retain a memory of their resistance state based on 
the prior flow of electrical charge. This intrinsic memory effect enables them to store information even without external 
power, positioning memristors as highly attractive candidates for low-power, high-density memory architectures. 

Among the various material platforms, metal-oxide-based memristors—particularly those employing binary oxides 
such as TiO and SnO₂—have gained substantial attention due to their low fabrication cost, straightforward synthesis 
routes, and excellent compatibility with flexible electronic substrates. Both TiO and SnO₂ are wide-bandgap n-type 
semiconductors, with bandgap energies of approximately 3.4 eV and 3.6 eV, respectively. TiO is known for its high 
electron mobility and pronounced surface reactivity, whereas SnO₂ demonstrates remarkable chemical stability and 
exhibits enhanced electrical conductivity when appropriately doped [4,5]. When these oxides are engineered into 
nanolayered or nanostructured forms, they can exhibit additional resistive switching pathways, including interface-
controlled filament formation and oxygen-vacancy-driven migration processes. 

Pant et al. [6] reported pronounced bipolar resistive switching and clearly defined negative differential resistance 
(NDR) behavior in Si/TiO nanostructures synthesized via magnetron sputtering. These features were attributed to 
enhanced grain-boundary diffusion and quantum confinement effects at nanoscale interfaces. More recently, Saha and 
co-workers [7] demonstrated reliable, sharply defined switching characteristics in one-dimensional TiO nanofiber-based 
memristors, revealing that artificial neural networks (ANN) can accurately model and predict switching dynamics. 
Additionally, the NDR behavior observed in Co-doped SnO₂ memristors deposited on p-type silicon substrates highlights 
the profound influence of dopants on the electronic properties of oxide nanostructures [8]. In the present work, we 
examine the resistive-switching characteristics of a p-Si/TiO nanofilm fabricated by magnetron sputtering (MS). The TiO 
layers were sequentially deposited onto p-type silicon and quartz substrates and subsequently annealed at 420 °C. 
Current–voltage (I–V) measurements performed with a Keithley 2460 SourceMeter revealed a distinct hysteresis loop 
characteristic of memristive behavior. However, due to the close similarity in the bandgap energies of TiO and SnO₂, the 
resulting switching contrast may be relatively limited, as both oxide layers tend to exhibit p-type semiconductor 
characteristics. Overall, this study contributes to ongoing efforts to optimize binary oxide nanostructures for 
implementation in low-power, non-volatile memory devices 

METHODS 
Thin nanostructured p-Si/TiO films were fabricated using the magnetron sputtering (MS) technique. This method is 

known for its low cost, convenience, and high suitability for oxide film formation. In this study, p-type silicon substrates 
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were used. Prior to deposition, the substrates were sequentially cleaned by rinsing in deionized (DI) water, followed by 
ethanol and acetone, and then rinsed again in DI water. Additionally, they were treated with argon plasma inside the 
magnetron sputtering system. This multistep cleaning procedure was carried out to completely remove inorganic and 
organic contaminants and to ensure uniform film formation with good adhesion. After cleaning, the substrates were dried 
in a nitrogen flow and kept under vacuum in the magnetron sputtering system. 

The schematic structure of the fabricated memristor device is shown in Figure 1. The device consists of a p-Si/TiO 
nanostructure deposited on a p-type silicon substrate. Tin oxide (SnO₂) contacts were used as the top electrode. The TiO 
layer serves as an intermediate interface layer, while SnO₂ acts as the top oxide electrode, and the p-Si substrate functions 
as the bottom electrode. This vertical “sandwich-like” configuration enables charge transport through the oxide layers 
under an applied electric field and allows investigation of resistive switching behavior. 

The applied multistep cleaning procedure reduces surface contamination, thereby promoting the formation of 
uniform films with good adhesion and, consequently, improving the stability and reproducibility of the electrical 
characteristics of the memristor devices [9]. 

 
Figure 1. Schematic illustration of the SnO₂/TiO/p-Si memristor device structure 

To obtain the SnO₂ electrodes, a contact pattern was created using a mask in the magnetron sputtering system, with 
oxygen gas as the carrier gas directed toward the heated substrate. 

The deposition process was carried out at a temperature of 420°C, monitored using a controlled display. The TiO 
layer was deposited first, followed by the SnO₂ electrode through a mask to form the nanostructure. This sequence was 
chosen to ensure proper band alignment and good interfacial contact between the n-type semiconductors. After deposition, 
the films were annealed at 420°C with oxygen flow to enhance crystallinity and stabilize the interface. For electrical 
measurements, tin oxide (SnO2) contacts were applied, and the p-Si substrate served as the bottom electrode electrical 
characterization of the memristor devices was performed using a Keithley 2460 SourceMeter. A voltage sweeps sequence 
of 0 → +3 V → 0 → –3 V → 0 was applied to investigate the current–voltage (I–V) characteristics. The hysteresis loop 
observed in the I–V curve confirmed the presence of resistive switching behavior in the fabricated structures transducer 
and carried toward the heated substrates using oxygen gas as the carrier. 

The deposition process was conducted at a substrate temperature of 450 °C, which was maintained using a controlled 
hotplate. The SnO2 was deposited first, followed by the ZnO layer, forming a bilayer heterostructure. This sequence was 
designed to promote appropriate band alignment and interfacial contact between the n-type semiconductors. Following 
deposition, the films were annealed in ambient air at 450 °C to improve crystallinity and stabilize the interface. Silver 
(Ag) top contacts were applied using silver paste for electrical measurements, and the p-Si substrate served as the bottom 
electrode in the case of silicon-based structures. 

Electrical characterization of the memristor devices was performed using a Keithley 2460 SourceMeter. A voltage 
sweeps protocol of 0 → +3 V → 0 → –3 V → 0 was applied to examine the current–voltage (I–V) characteristics. The 
presence of a hysteresis loop in the I–V curve confirmed the resistive switching behavior of the fabricated structures. 

 
RESULTS 

A. Current–Voltage (I–V) Characteristics 
The I–V characteristics of TiO thin films treated in air by Rapid Thermal Annealing (RTA) at 500°C, 600°C, 700°C, 

800°C, and 900°C for 10 minutes are shown. It was observed that the memristive behavior of the TiO thin films improved 
as the annealing temperature increased. To initiate the formation of a conduction path in the metal oxide, the forming 
voltage was set to 3 V. Bipolar resistive switching behavior was observed for these samples. 

Initially, the current increased linearly with voltage according to Ohm’s law, then entered a quasi-saturation region. 
This quasi-saturation stage is explained by the space-charge-limited conduction (SCLC) mechanism, in which charge 
carriers experience delayed transport [11]. Subsequently, the current increased abruptly, showing a rapid transition from 
the high-resistance state (HRS) to the low-resistance state (LRS). This sudden increase in current is associated with the 
formation of conductive filaments (CFs) in TiO induced by oxygen vacancies. Well-defined memory windows were 
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observed for the samples annealed at higher temperatures (up to 900°C). Kars et al. [7] reported that the formation of 
oxygen vacancies during low-temperature annealing is related to the breaking of Ti–O bonds. 
At the same time, atmospheric oxygen attaches to the surface of the TiO film, forming Ti–O bonds [2]. Thus, there is a 
competition between the breaking of Ti–O bonds in the bulk and the formation of Ti–O bonds at the surface.  

 
Figure 2. I–V curves of dip-coated TiO thin films processed for 10 min in air ambient with various Rapid Thermal Annealing (RTA) 

a) 500°C, b) 600°C, c) 700°C, d) 800°C, and e) 900°C 
 

B. Optical Bandgap Estimation 
The optical bandgaps of the individual TiO and SnO₂ layers were estimated using Tauc plot analysis derived from 

UV–Vis absorbance spectra (see Figure 3). By plotting (αhν)² versus photon energy (hν) and extrapolating the linear 
region to the energy axis, the direct bandgap values were determined. The estimated optical bandgaps were found to be 
approximately: TiO layer (3.17 eV), SnO₂ layer (3.41 eV) 

 

Figure 3. Tauc plot used for bandgap estimation of TiO (3.24 eV) 

These values closely match literature-reported data confirming the successful synthesis of phase-pure oxide layers. 
The slight narrowing of the SnO₂ bandgap compared to the nominal 3.6 eV may be attributed to oxygen vacancy-related 
subgap states, which can affect the switching performance by serving as electron trapping centers. 

 
C. Structural Characterization (XRD analysis) 

Figure 4 shows the XRD patterns of TiO thin nanoplanes processed in air at 500 °C for different durations (1, 5, and 
10 min). The XRD peaks at 26.7° and 49.1° correspond to the (101) and (200) planes of the anatase phase, respectively, 
which are consistent with literature reports. The intensity of the (101) peak decreases with increasing annealing duration. 
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Figure 4. XRD patterns of dip-coated TiO thin films processed at 500°C in air ambient for different RTA duration 
a) 1min, b) 5min, and c) 10min (the abbreviation stands for: A anatase)

D. Mechanism Interpretation
To identify the charge transport mechanism in the TiO layer for the LRS (Low Resistance State) and HRS (High 

Resistance State), we monitored the temperature dependence of the electrical conductivity in both states. These results 
are presented in Figure 5, where the thermally activated behavior of the LRS and HRS within the TiO layer is clearly 
visible. 

Figure 5. To determine the charge transport mechanism in the LRS and HRS states of the TiO layer, we monitored the temperature 
dependence of the conductivity in both states. This is shown in the figure, where the thermally activated behavior of the LRS and 
HRS within the TiO layer is clearly visible 

CONCLUSIONS 
In this study, a p-Si/TiO thin film was successfully fabricated using the magnetron sputtering technique. Electrical 

analysis of the device revealed clear bipolar resistive switching behavior accompanied by a stable hysteresis loop in the 
I–V characteristics. The fact that the switching occurred without the need for a forming step indicates that oxygen 
vacancies and interface effects play a major role in the resistive switching (RS) mechanism. Tauc plot analysis showed 
that the optical bandgaps of TiO and SnO₂ were approximately 3.24 eV and 3.41 eV, respectively, which are consistent 
with values reported in the scientific literature. Although both oxides are n-type semiconductors and the small band 
offset between them may slightly reduce the overall switching contrast, the device exhibited repeatable SET/RESET 
cycles and sufficient separation between the resistance states. 

These results confirm that the p-Si/TiO nanostructure is a promising platform for exploring low-cost, oxide-based 
memristors. Future studies may focus on interface engineering, doping, or incorporating buffer layers to further enhance 
RS characteristics and improve device scalability for neuromorphic and non-volatile memory applications. 
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ЕЛЕКТРОНЕЗАЛЕЖНОЇ ПАМ'ЯТІ 
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У цьому дослідженні представлено виготовлення тонких плівок Si/TiO, нанесених у режимі постійного струму за допомогою 
магнетронного напилення на кремнієві підкладки p-типу, а також досліджено їх температурно-залежні характеристики 
резистивного перемикання (RS) та низькоомного стану (LRS). Наноструктури були відпалені при 420°C для покращення 
кристалічності та міжфазного контакту. Електрична характеристика, отримана за допомогою вольт-амперних вимірювань, 
виявила чітку біполярну поведінку RS без необхідності початкового процесу формування. Пристрої демонстрували стабільні 
стани високого (HRS) та низького (LRS) опору протягом кількох циклів. Механізм перемикання пояснюється утворенням і 
розривом провідних ниток, індукованих вакансіями кисню на межі розділу Si/TiO. Значення ширини забороненої зони, 
отримані з графіків Тауца, становили приблизно 3,24 еВ для TiO та 3,41 еВ для SnO2. Ці результати підтверджують, що 
нанотонкі плівки Si/TiO є перспективними матеріалами для швидких, енергоефективних і перезаписуваних пристроїв пам'яті 
наступного покоління. 
Ключові слова: TiO; магнетронне розпилення; мемристор; швидкий термічний відпал (RTA) 


