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ABSTRACT 

Resistive Random-Access Memory (ReRAM) devices constitute a popular Non-Volatile Memory (NVM) 

solution. Nevertheless, TiO2-based memristors suffer from instability and low endurance, with the effect of 

Polymethyl Methacrylate (PMMA) polymer on improving these limitations being unexplored. This study 

examines the interfacial positioning of PMMA polymeric layers within TiO2-based memristors. Four 

device structures were initially fabricated to analyze the effects of PMMA interfacial positioning on several 

Resistive Switching (RS) parameters using Fluorine-doped Tin Oxide (FTO) and Carbon (C) electrodes: (i) 

FTO/TiO2/C, (ii) FTO/TiO2/PMMA/C, (iii) FTO/PMMA/TiO2/C, and (iv) FTO/PMMA/TiO2/PMMA/C. 

Only FTO/TiO2/PMMA/C and FTO/PMMA/TiO2/C demonstrated clear bipolar RS behavior. The 

FTO/TiO2/PMMA/C device exhibited the lowest SET/RESET voltage, an ON/OFF ratio of ~101, a 

retention of ~104 s, and an endurance of ~102 cycles, underscoring the impact of PMMA placement on 

decreasing the switching threshold. These findings provide a novel strategy for designing next-generation 

NVM applications, in which the interfacial positioning role of polymers in optimizing ReRAM 

performance could be effectively understood. 
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I. INTRODUCTION 

With the emergence of artificial intelligence and the 
Internet of Things, great amounts of data are being collected 
and processed, driving the need for new memory technologies 
that are affordable, high-speed, and energy-efficient. Such 
technologies are ReRAM, Phase-Change Memory (PCM), 
Magnetic Memory (MRAM), and Ferroelectric Memory 
(FeRAM) [1], all of which fall under NVM, enabling data 
retention even in the absence of power [2, 3]. 

ReRAM stands out due to its low cost, low power 
consumption, high speed, excellent scalability, and 
compatibility with the Complementary Metal-Oxide-
Semiconductor (CMOS) technology [4]. ReRAM devices are 
also a practical realization of memristors, since they exhibit RS 
behavior governed by memristive dynamics [5]. Generally, 
ReRAM is low-cost and highly scalable due to its simple 
structure (top and bottom electrodes sandwiching an active 
layer). The most common ReRAM active layers include oxide-
based materials (TiO2), chalcogenide-based materials (GeSe), 
polymer-based materials (PMMA), graphene-based materials, 
and perovskite-based materials [6]. Common electrode 
materials include Al, Pt, C, and Transparent Conductive Oxides 
(TCOs). Collectively, different types of electrodes and active 
layers significantly influence the RS characteristics, impacting 
switching voltage, endurance, retention, and uniformity [5]. 
The integration of polymers in ReRAM devices has been 
explored to enhance their performance and reliability. The role 
of polymers in halide perovskite RS devices improves the 
ON/OFF ratio, retention, and endurance properties, as they 
function as passivation layers, charge transfer enhancers, and 
composite materials. Polymers in metal oxides for ReRAM 
devices have also been investigated [7]. Authors in [8] reported 
TiO2-based memristors, containing poly(4-vinylphenol) (PVP)-
molybdenum disulfide (MoS2) composites [8]. It was revealed 
that Ag/PVP:MoS2/TiO2/Indium Tin Oxide (ITO) possessed 
low SET and RESET voltages of 1.0 V and -1.2 V, 
respectively. Both the ohmic conduction and Space Charge 
Limited Current (SCLC) mechanisms were also confirmed to 
cause RS behavior in the devices. 

PMMA is a strong candidate due to its insulating 
properties, transparency, flexibility, thermal stability, low cost, 
and ease of processing [9]. It can be conveniently deposited 
using solution-based methods (spin coating), making it highly 
compatible with low-cost fabrication. PMMA exhibits RS 
behavior. For example, in a perovskite-based structure 
(Pt/oxide-passivated MAPbI3/PMMA/Ag), the addition of a 
PMMA layer demonstrated good retention and endurance. 
Despite these possibilities, the effect of PMMA interfacial 
positioning in TiO2-based memristors remains unexplored. 

No detailed study has been conducted on the interfacial 
positioning of PMMA on TiO2-based memristors, which can 
significantly influence switching characteristics (defect 
formation, filament growth, and stability of conduction paths). 
To fill this research gap, the current study investigated the 
effect of PMMA interfacial positioning on TiO2-based 
memristors to enhance their RS performance. 

In this work, four device structures were fabricated to 
investigate the influence of PMMA on critical parameters. The 
TiO2 layer was deposited on the FTO substrates using the spin-
coating method, while the PMMA layers were applied via spin-
coating in different configurations. Finally, the C electrode was 
deposited using the doctor blade method with commercial 
carbon paste. 

II. MATERIALS AND METHODS 

A. Materials 

The TiO2 used in this study was obtained from Solaronix 
(Ti-Nanoxide T600/SC). The PMMA powder (molecular 
weight = 120,000) was purchased from Sigma-Aldrich. 
Acetone used to dilute PMMA was provided by Emsure®. The 
C electrode was prepared using C paste obtained from Dycotec 
(DM-CAP-4701S). All chemicals used in this study were of 
analytical grade and were utilized as received, meaning without 
any further purification. 

B. TiO2 and PMMA Solution Preparation 

The TiO2 precursor solution was prepared by diluting 
4.2857 mL of a commercial 7 wt% TiO2 dispersion with 
5.7143 mL of absolute ethanol, resulting in a homogeneous 
solution suitable for spin coating. Meanwhile, the PMMA 
solution was prepared by weighing the PMMA powder on a 
weighing dish. This powder was then added to acetone to 
create a 2.5 mg/mL solution. The mixture was transferred into a 
vial and sonicated for 10 min to ensure thorough mixing. All 
these solutions were subsequently sealed and kept in a dry 
storage area. 

C. Polymer-Overlaid TiO2-Based Memristor Preparation 

This study examined the effect of PMMA interfacial 
positioning on TiO2-based memristors by varying the PMMA 
positioning. Thus, four devices were fabricated and constructed 
on FTO-coated glass substrates measuring 20 × 20 mm, 
featuring circular top electrodes (diameter = 5.5 mm) (Figure 
1): (i) FTO/TiO2/C (control), (ii) FTO/TiO2/PMMA/C, (iii) 
FTO/PMMA/TiO2/C, and (iv) FTO/PMMA/TiO2/PMMA/C.  

 

 
Fig. 1.  Schematic structures of the TiO2-based memristors involving: (a) 
FTO/TiO2/C, (b) FTO/TiO2/PMMA/C, (c) FTO/PMMA/TiO2/C, and (d) 
FTO/PMMA/TiO2/PMMA/C. 
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All four devices contained three essential layers: (i) TiO2, 
(ii) PMMA, and (iii) carbon electrode. Nevertheless, the 
processing methods for each thin-film type were identical 
throughout the fabrication process of all four devices. For the 
TiO2 layers, the TiO2 thin films were spin-coated at 3000 rpm 
for 30 s on either FTO or PMMA. These films were then 
annealed at 450 °C in a furnace after finishing the layering 
process. The PMMA thin films were also fabricated on either 
FTO or TiO2 at 3000 rpm for 30 s. These films were annealed 
on a hot plate at 60 °C. Finally, all samples contained carbon-
based electrodes utilizing the carbon paste. This final electrode 
layer was created through the doctor-blade technique, in which 
the carbon thin film was annealed on a hot plate at 70 °C for 30 
min. Overall, all samples were deposited under identical 
conditions. 

D. Characterization Tools 

The devices were prepared and characterized using various 
methods to analyze their electrical and optical properties. The 
structural characteristics of the thin films were characterized 
utilizing an X-Ray Diffractometer (XRD, Shimadzu) with Cu 
Kα radiation (λ = 1.5406 Å) across the 2θ range of 20° to 80°. 
Field Emission Scanning Electron Microscopy (FESEM, Nova 
NanoSEM 450) was used to investigate the surface 
morphology of the prepared films. An Atomic Force 
Microscope (AFM, Dimension Edge) was utilized for surface 
roughness calculations. Alternatively, a Fourier Transform 
Infrared (FTIR) spectrometer (Bruker Invenio R) was 
employed to examine the chemical compounds. Thickness was 
measured using a profilometer (MarSurf SD 26), and all 
samples possessed identical thickness. Finally, Cyclic 
Voltammetry (CV), Chronoamperometry (CA), endurance, and 
retention analyses (Autolab PGSTAT204) were deployed to 
examine the RS behavior of the devices. Each structure 
contained three duplicates that were repeated three times to 
obtain the average readings for certain RS parameters. All these 
analyses were conducted under a compliance current of 10 mA 
and a voltage sweep rate of 0.1 V/s. 

III. RESULTS AND DISCUSSION 

A. Structural Characterization of the Fabricated Films 

The carbon electrode and TiO2 thin film were characterized 
using XRD measurements after annealing at 70 °C and 450 °C, 
respectively. The XRD pattern of the carbon sample shows a 
distinct diffraction peak at 2θ of 27.02° (Figure 2(a)). This high 
peak is characteristic of carbon, confirming the successful 
fabrication of the carbon top electrode on all four devices. 
Furthermore, the XRD pattern of the fabricated TiO2 thin film 
prepared from the TiO2 solution exhibited distinct diffraction 
peaks at 2θ = 25.30°, 46.08°, and 55.23° (Figure 2(b)). These 
peaks correspond to the characteristic reflections of the TiO2 
anatase phase, aligning well with the standard TiO2 pattern 
(JCPDS 00-021-1236) [10]. The successful synthesis of the 
crystalline anatase TiO2 structure was validated. 

The XRD patterns had been previously collected on ITO 
substrates due to temporary instrument access constraints. 
Nevertheless, the identification of anatase TiO2 was not 
affected by the choice of TCO substrate, as the TiO2 peaks 
were independent of whether FTO or ITO was used [11]. Thus, 

the peaks observed at 2θ = 30.18°, 35.13°, and 50.13° were 
attributed to ITO, as identified by the standard ITO pattern 
(JCPDS 00-039-1058) [12]. These peaks were indicated on the 
ITO substrates below the formed TiO2 film. The presence of 
these peaks is attributed to the extremely thin spin-coated TiO2 
film (approximately 78 nm), a finding was confirmed by the 
profilometer assessments performed on the TiO2 films. 
Collectively, the successful creation of TiO2 and carbon 
electrode was effectively demonstrated through this XRD 
analysis. 

 

 
Fig. 2.  XRD patterns of: (a) carbon electrode and (b) TiO2 on ITO. 

Figure 3 presents the FESEM images of the carbon-based 
electrode at magnifications of 50,000× and 100,000×. The 
images revealed a coral-like structure characterized by a rough, 
porous morphology. Thus, a high surface area was observed. 
This porosity was likely attributed to the doctor blade coating 
technique, which could produce a rougher surface due to the 
deposition process. Meanwhile, the FESEM images of TiO2 at 
different magnifications were examined. These TiO2 
nanoparticles exhibited a uniform size in the nm range (~20-40 
nm), and all of them seemed to agglomerate into clusters. 
However, the interparticle gaps could contribute to a rough and 
high surface area morphology. 

This study proposes that the increased surface area can 
enhance the contact between the TiO2 layer and the carbon 
electrode. Therefore, a higher surface roughness can improve 
the RS performance by facilitating the formation of larger-
diameter conducting filaments [13]. As such, filamentary 
formation could be accelerated with larger surface roughness. 

Figure 4 shows FESEM images of PMMA thin films 
annealed at 60 °C and 450 °C. The images were obtained at 
magnifications of 50,000× and 100,000×. The FESEM analysis 
was conducted to understand the effect of annealing on samples 
with varying PMMA and TiO2 layer configurations, as the 
PMMA layer could degrade at the 450 °C annealing 
temperature employed for the TiO2 layer. The degradation can 
significantly modify the properties of PMMA and the overall 
RS of the device [9]. Consequently, the PMMA films annealed 
at 450 °C demonstrated higher surface roughness than the 
PMMA films annealed at 60 °C. This can be attributed to the 
increased evaporation of the solvent at higher annealing 
temperatures. Nonetheless, further confirmation was necessary 
to ensure that PMMA was still present. 
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Fig. 3.  The FESEM magnifications of carbon at: (a) 50 000× and (b) 100 
000×, and TiO2 at (c) 50 000× and (d) 100 000×. 

 
Fig. 4.  FESEM images of PMMA films annealed at: 60 ℃ (a) 50 000× 
and (b) 100 000×, and at 450 ℃ (c) 50 000× and (d) 100 000×. 

Figure 5 depicts the FTIR spectra for FTO/TiO2, 
FTO/TiO2/PMMA, FTO/PMMA/TiO2, and 
FTO/PMMA/TiO2/PMMA. The FTIR spectra of the annealed 
films exhibited the distinctive low-frequency metal-oxygen 
vibrational bands (~400–800 cm-1) characteristic of TiO2 (Ti–O 
and Ti–O–Ti) in all samples, confirming the presence of the 
oxide layer after annealing [14]. All TiO2-containing samples 
produced a broad but weak absorption near 3700 cm-1 due to 
the O–H stretching of isolated surface hydroxyl groups (–OH) 
[15]. A strong absorption around 2350 cm-1, which was present 
in all spectra, was due to CO2 of the air [16]. Weak absorptions 
near ~1730 cm-1 and 1140–1260 cm-1 were also observed in the 
FTO/TiO2 sample, likely due to surface-bound carbonates or 
residual organics [17]. 

 
Fig. 5.  FTIR spectra. 

The PMMA-containing samples revealed C=O stretching 
vibrations near 1730 cm-1, indicating the presence of ester 
groups from the PMMA polymer. These samples denoted a 
series of overlapping peaks in the 1140–1260 cm-1 range, 
which is typical of C–O–C and C–O stretching in the ester 
backbone of PMMA [18]. This outcome was based on the 
increased signal intensity in these regions. The C–H stretching 
region near 2950–3000 cm-1 was not observed, which might be 
due to the low concentration of PMMA used in this study. The 
identification of PMMA-related bands in FTO/PMMA/TiO2, 
wherein the polymer was subjected to 450 °C annealing, might 
indicate PMMA degradation. The intensity was quite similar to 
FTO/TiO2, suggesting that the PMMA was no longer intact. 
Conversely, FTO/PMMA/TiO2/PMMA and FTO/TiO2/PMMA 
possessed higher intensity [19]. The profilometer used in this 
study revealed that the film thicknesses were approximately 78 
± 3.61 nm for TiO2, 102.67 ± 6.66 nm for TiO2/PMMA, 103 ± 
8.9 nm for PMMA/TiO2, and 128 ± 3.97 nm for 
PMMA/TiO2/PMMA (averaged over three regions). These 
reported thickness values represent the total thickness of the 
deposited layers on the FTO substrate.  Thus, it was 
hypothesized that when PMMA was heated to 450 °C while 
annealing TiO2, some polymer chains might break down and 
depolymerize, leaving behind mostly the Monomer Methyl 
Methacrylate (MMA) and other volatile fragments (small 
hydrocarbons, CO, and CO2) [20]. Even though the 
profilometer measurements after annealing demonstrated that 
the film thicknesses were similar (FTO/TiO2/PMMA ≈ 
FTO/PMMA/TiO2), this leftover layer was probably not made 
up of intact PMMA. Instead, it was likely composed of a thin, 
degraded, carbon-rich residue. This outcome may negatively 
affect the RS behavior. 

AFM measurements were performed on all four stacks 
(Figure 6). For FTO/TiO2, the arithmetic mean roughness (Rq) 
was 25.5 nm. Both FTO/PMMA/TiO2/PMMA and 
FTO/TiO2/PMMA demonstrated lower Rq values of 10.5 nm 
and 12.9 nm, respectively. Thus, these films were smoother 
than the control. The Rq (24.3 nm) of FTO/PMMA/TiO2 
resembled that of FTO/TiO2, indicating a similar roughness 
trend [21]. Overall, the presence of PMMA between TiO2 and 
the top electrode (carbon) might either improve or reduce the 
RS performance. 
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Fig. 6.  AFM topography images acquired in tapping mode for: (a) 
FTO/TiO2, (b) FTO/TiO2/PMMA, (c) FTO/PMMA/TiO2, and (d) 
FTO/PMMA/TiO2/PMMA at a scan area of 10 μm × 10 μm. 

B. Memory Behavior of the Fabricated TiO2-Based 
Memristors Containing PMMA 

The memory behaviors of the four devices with different 
structures were studied by running CV in the sequence of: 0 V 
to +6 V, +6 V to 0 V, 0 V to -6 V, and -6 V to 0 V. For the 
FTO/TiO2/C, the RS pattern was unclear (Figure 7). This 
outcome looked rather like an ohmic conduction, suggesting 
that no RS behavior was recorded. Thus, FTO/TiO2/C was not 
a suitable arrangement for producing memristors. Nevertheless, 
a sudden and weak jump of current was detected at around 3.95 
V for FTO/TiO2/PMMA/C when the voltage was swept from 0 
V to +6 V. This jump indicates the switch from the High 
Resistance State (HRS) to the Low Resistance State (LRS), 
which are denoted as SET and RESET, respectively [22]. 

The FTO/PMMA/TiO2/C device required a higher voltage 
of 5.5 V to switch on (SET) and -5.5 V to switch off (RESET). 
This resistance gap observed in the specific structure increased 
because of the insulation effect of PMMA. In contrast, the 
application of PMMA on top of the TiO2 layer facilitated the 
smoother growth of conductive filaments [23]. Although the 
FTO/PMMA/TiO2/C demonstrated a higher SET voltage, it 
could be beneficial for ReRAM operation by offering a greater 
voltage margin between the read and write processes [24]. This 
separation diminished the probability of read-disturb events 
and enhanced data stability with reliability concerning 
extensive memory arrays. In some cases, higher SET/RESET 
voltages worked better for certain high-power applications, 
ensuring that the filament formed more strongly [25]. No 
sudden increase in current was observed in the semi-
logarithmic I-V curve for FTO/PMMA/TiO2/PMMA/C, even 
though a large resistance gap separated the HRS (OFF) and 
LRS (ON). Therefore, this device did not produce any RS 

behavior, which could be attributed to the double addition of 
PMMA layers (difficult to form filamentary pathways due to 
the thicker PMMA/TiO2/PMMA film). Conversely, authors in 
[26] reported that the gradual change in resistance suggested 
potential applications in analog switching for ReRAM devices. 
Overall, only the FTO/TiO2/PMMA/C and 
FTO/PMMA/TiO2/C devices demonstrated clear RS behaviors. 
Endurance tests were performed on both FTO/TiO2/PMMA/C 
and FTO/PMMA/TiO2/C over 102 cycles (Figure 8). For 
FTO/TiO2/PMMA/C, it could retain over 102 cycles before 
breaking down. In contrast, FTO/PMMA/TiO2/C demonstrated 
significantly weaker endurance, in which it could only last until 
the 17th cycle. When a PMMA interlayer was placed between 
FTO and TiO2, their interfaces could make it harder for O2- 
ions to move and spread out, making it harder for filaments to 
re-oxidize or break [27]. Although one SET/RESET might 
work, performing it repeatedly made switching less reliable 
faster. 

 

 
Fig. 7.  The semi-logarithmic I-V curves (log I versus V) for: (a) 
FTO/TiO2/C, (b) FTO/TiO2/PMMA/C, (c) FTO/PMMA/TiO2/C, and (d) 
FTO/PMMA/TiO2/PMMA/C. 

Figure 9 depicts the retention results established under 0.1 
V read voltage for FTO/TiO2/PMMA/C and 
FTO/PMMA/TiO2/C. Both LRS and HRS supported stability 
that exceeded 104 s, with FTO/PMMA/TiO2/C revealing 
weaker performance. This retention duration was comparable 
to previous reports for TiO2-based ReRAM and hybrid devices 
[28]. The FTO/TiO2/PMMA/C device maintained an ON/OFF 
ratio of 101, while FTO/PMMA/TiO2/C demonstrated ratios 
below the 101 range. This outcome could be ascribed to the 
vacancies in TiO2 (FTO/TiO2/PMMA/C), which could more 
readily migrate under bias (filament formation likely occurred). 
Conversely, additional trapping, leakage, or poor vacancy 
mobility might occur at the PMMA/TiO2 or FTO/PMMA 
interfaces for FTO/PMMA/TiO2/C due to the degraded PMMA 
layer [29]. Table I outlines the obtained data for the RS 
parameters for all four devices, along with their standard 
deviation values across three devices for each structure. The 
FTO/TiO2/PMMA/C was then deemed the most optimized 
structure. 
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Fig. 8.  The endurance tests for: (a) FTO/TiO2/PMMA/C and (b) 
FTO/PMMA/TiO2/C. 

 
Fig. 9.  The retention tests for: (a) FTO/TiO2/PMMA/C and (b) 
FTO/PMMA/TiO2/C. 

TABLE I.  SUMMARY OF THE OBTAINED DATA FOR THE 
RS PARAMETERS INVOLVING THE FOUR STRUCTURES 

RS 

parameter 

FTO/ 

TiO2/C 

FTO/TiO2/ 

PMMA/C 

FTO/PMMA/ 

TiO2/C 

FTO/PMMA/TiO2/ 

PMMA/C 

SET voltage 
(Vset, V) -* 3.89 ± 0.29 5.38 ± 0.37 -* 

RESET 
voltage (Vreset, 

V) 
-* -4.91 ± 0.14 -5.53 ± 0.28 -* 

ON/OFF ratio -* ~101 <101 -* 
Endurance 

(no of cycles) 
-* ~102 <102 -* 

Retention (s) -* ~104 ~104 -* 
Note: * = Not applicable due to absence of RS behavior. 

C. Conduction Mechanisms and Switching Dynamics of TiO2-
Based Memristors Containing PMMA 

Figure 10 shows the double logarithmic plots of the I-V 
characteristics involving the RS properties of 
FTO/TiO2/PMMA/C and FTO/PMMA/TiO2/C. Both devices 
displayed a distinct hysteresis loop, indicative of NVM 
characteristics. Initially, the devices exhibited HRS at low 
applied voltages, indicating the OFF state. In this region, the I-
V curve demonstrated a linear relationship on the log-log plot 
with a slope of approximately 1. The linear trend suggested that 
conduction was regulated by an Ohmic mechanism (I ∝ V), 
which was characterized by a direct proportionality between I 
and V [30]. Thus, the current in this state was constrained by 
the intrinsic concentration of the thermally generated charge 
carriers. 

 

 
Fig. 10.  The double logarithmic I-V curves (log I versus log V) for: (a) 
FTO/TiO2/PMMA/C and (b) FTO/ PMMA/TiO2/C. 
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The devices exhibited a sudden and significant increase in 
current, indicating the SET process with an increase in the 
applied voltage. This transition was marked by a significant 
alteration in the slope of the log-log plot, which rose to values 
around 2. Hence, this behavior is indicative of SCLC (I ∝ V2) 
[31]. In this regime, charge carriers were introduced from the 
electrodes and commenced filling trap sites within the active 
material, resulting in a swift rise in current. This process 
facilitated the formation of a conductive filament (mobile ions) 
that connected the anode and cathode [32]. Post-SET process, 
the devices maintained a stable LRS. The ongoing or reversed 
voltage sweep resulted in the I-V curve exhibiting a linear 
relationship with a slope near 1, signifying a reversion to 
Ohmic conduction. 

Overall, the observed variations in the slopes and 
dimensions of the hysteresis loops for the two device 
architectures (FTO/TiO2/PMMA/C and FTO/PMMA/TiO2/C) 
indicated that the arrangement of the active layers affected the 
dynamics of trapping and filament formation. The observed 
steeper SCLC slope in the FTO/TiO2/PMMA/C device 
suggested a more effective trapping and filamentary conduction 
process relative to the other structure, which was a 
characteristic advantageous for memory applications [33]. 

Figure 11 depicts the formation of a filamentary conduction 
pathway mechanism for the FTO/TiO2/PMMA/C and 
FTO/PMMA/TiO2/C. The carbon top electrode did not directly 
engage in the RS mechanism for FTO/TiO2/PMMA/C and 
FTO/PMMA/TiO2/C. This carbon was chemically inert and 
maintained stability under the applied bias compared to 
electrochemically active electrodes (Ag, Al, Au, and Cu, which 
could release mobile cations to create metallic filaments) [34]. 

The RS in the FTO/TiO2/PMMA/C and 
FTO/PMMA/TiO2/C structures might be determined by the 
migration of O2- ions and the associated formation and rupture 
of oxygen vacancy (VO) filaments within the TiO2 layer [35]. 
This outcome suggested that the observed RS behavior was due 
to the intrinsic defect dynamics of the oxide. The 
FTO/TiO2/PMMA/C device exhibited RS behavior mediated 
by the overlayer (Figure 11(a)). The PMMA overlayer 
functioned as an interface engineering layer, regulating the 
migration and accumulation of VO at the TiO2/PMMA 
interface, facilitating the controlled nucleation and growth of 
conductive filaments. This effect led to a more uniform, stable, 
and reproducible switching process compared to the control 
device. 

The FTO/PMMA/TiO2/C device demonstrated an 
insulating buffer effect, with the PMMA underlayer 
substantially modifying its electrical characteristics (Figure 
11(b)). The switching process necessitated elevated voltages 
owing to the insulating properties of PMMA, which increased 
the device resistance and required a more robust electric field 
to facilitate the migration of VO for filament formation. These 
increased voltages lead to higher power consumption, which is 
beneficial for high-density memory arrays. The FTIR results 
also indicated that the decomposition of PMMA at high 
annealing temperatures negatively affected the charge transport 
behavior. 

 
Fig. 11.  The RS mechanisms of: (a) FTO/TiO2/PMMA/C and (b) FTO/ 
PMMA/TiO2/C. 

This original model was based solely on electrical data, 
indicating that structural methods are still needed to 
corroborate this information. Nevertheless, the electrical 
characteristics here matched the records of trap-mediated 
switching in oxide ReRAM [36]. These features entailed the I-
V curves that were typical of transport controlled by traps with 
defect SCLC, a carbon top electrode that ruled out cation-
driven metallic filaments, and some consistent differences 
within the device architectures (PMMA-altered trap density 
and the local electric field). The evidence supports a trap-
dictated mechanism, but a distribution of VO or the filament 
shape would require further structural characterization, such as 
X-ray Photoelectron Spectroscopy (XPS), Transmission 
Electron Microscopy (TEM), or conductive-AFM (c-AFM). 

IV. CONCLUSIONS 

This study successfully demonstrated that the positioning 
and annealing of Polymethyl Methacrylate (PMMA) layers 
significantly influenced the Resistive Switching (RS) behavior 
of TiO2-based memristors. The FTO/TiO2/PMMA/C device 
displayed the best RS performance among all samples, with the 
lowest SET and RESET voltages, an ON/OFF ratio of ~101, a 
retention of ~104 s, and an endurance of ~102 cycles. This 
structure indicated its suitability for low-power and stable 
cycling applications. Overall, precise management of PMMA 
placement and processing conditions can optimize polymer-
based hybrid structures for Resistive Random-Access Memory 
(ReRAM) applications. Nevertheless, future studies should 
focus on developing high-performance devices based on this 
structure, which can be suitable for industrial-scale 
requirements. 

The results of this study indicate that the placement of 
PMMA is crucial in determining RS functionality in TiO2-
based memristors, rather than its mere presence. Despite earlier 
research indicating performance improvements from polymer 
incorporation, improper interfacial positioning or exposure to 
high-temperature annealing could hinder switching capabilities 
or compromise reliability. As such, for hybrid polymer-oxide 
ReRAM devices, a significant approach to attain low-power, 
solution-processed, and scalable memory technologies was 
presented by this design regarding interface engineering. 

 



Engineering, Technology & Applied Science Research Vol. 16, No. 2, 2026, 33827-33835 33834  
 

www.etasr.com Thien et al.: Polymer-Engineered Interfaces for Tailoring Resistive Switching in TiO2-Based Memristors 

 

ACKNOWLEDGMENTS 

This work was supported by Telekom Malaysia Research 
and Development (TM R&D) under TM R&D Research Fund 
(RDTC/261168). 

REFERENCES 
[1] P. Sahu and D. Sahoo, "Metal-oxide resistive switching memory (flash 

memory, RRAM, CBRAM, FeRAM, PCRAM, and MReRAM)," in 
Electric and Electronic Applications of Metal Oxides, Elsevier, 2025, 
pp. 349–382. 

[2] J. De Roo et al., "Synthesis of Phosphonic Acid Ligands for Nanocrystal 
Surface Functionalization and Solution Processed Memristors." 
ChemRxiv, May 09, 2018, 
https://doi.org/10.26434/chemrxiv.7043927.v1. 

[3] Z. Zhou et al., "Memristive Behavior of Mixed Oxide Nanocrystal 
Assemblies," ACS Applied Materials & Interfaces, vol. 13, no. 18, pp. 
21635–21644, May 2021, https://doi.org/10.1021/acsami.1c03722. 

[4] F. Zahoor, T. Z. Azni Zulkifli, and F. A. Khanday, "Resistive Random 
Access Memory (RRAM): an Overview of Materials, Switching 
Mechanism, Performance, Multilevel Cell (mlc) Storage, Modeling, and 
Applications," Nanoscale Research Letters, vol. 15, Apr. 2020, Art. no. 
90, https://doi.org/10.1186/s11671-020-03299-9. 

[5] Y. Kebbati, P. S. Allaume, and Y. Bennani, "Memristor, Memcapacitor, 
Meminductor : Models and Experimental Circuit Emulators," 
Engineering, Technology & Applied Science Research, vol. 12, no. 3, 
pp. 8683–8687, June 2022, https://doi.org/10.48084/etasr.4882. 

[6] A. Kumar et al., "Recent advancements in metal oxide-based hybrid 
nanocomposite resistive random-access memories for artificial 
intelligence," InfoMat, vol. 7, no. 3, 2025, Art. no. e12644, 
https://doi.org/10.1002/inf2.12644. 

[7] K. Krishnan, S. M. Tauquir, S. Vijayaraghavan, and R. Mohan, 
"Configurable switching behavior in polymer-based resistive memories 
by adopting unique electrode/electrolyte arrangement," RSC Advances, 
vol. 11, no. 38, pp. 23400–23408, July 2021, 
https://doi.org/10.1039/D1RA03561D. 

[8] S. Saini, A. Dwivedi, A. Lodhi, A. Khandelwal, and S. P. Tiwari, 
"Resistive switching behavior of TiO2/(PVP:MoS2) nanocomposite 
hybrid bilayer in rigid and flexible RRAM devices," Memories - 
Materials, Devices, Circuits and Systems, vol. 4, July 2023, Art. no. 
100029, https://doi.org/10.1016/j.memori.2023.100029. 

[9] N. S. Das and N. K. Das, "Improvement of non-volatile resistive 
memory behaviour in post-annealed rGO-SnS2 embedded PMMA 
polymer nanocomposites film," Journal of Materials Science: Materials 
in Electronics, vol. 36, no. 2, Jan. 2025, Art. no. 128, 
https://doi.org/10.1007/s10854-024-14191-y. 

[10] N. Noorasid, F. Arith, A. N. Mustafa, M. A. Azam, S. H. M. Suhaimy, 
and O. A. Al-Ani, "Effect of Low Temperature Annealing on Anatase 
TiO2 Layer as Photoanode for Dye-Sensitized Solar Cell," Przegląd 
Elektrotechniczny, vol. R. 97, no. 10, Sept. 2021, Art. no. 133550, 
https://doi.org/10.15199/48.2021.10.03. 

[11] V. M. Mîndroiu, A. B. Stoian, R. Irodia, R. Trușcă, and E. Vasile, 
"Titanium Dioxide Thin Films Produced on FTO Substrate Using the 
Sol–Gel Process: The Effect of the Dispersant on Optical, Surface and 
Electrochemical Features," Materials, vol. 16, no. 8, Apr. 2023, Art. no. 
3147, https://doi.org/10.3390/ma16083147. 

[12] Z. Wang et al., "W/WO3/TiO2 Multilayer Film with Elevated 
Electrochromic and Capacitive Properties," Materials, vol. 18, no. 1, 
Jan. 2025, Art. no. 161, https://doi.org/10.3390/ma18010161. 

[13] C.-C. Wu et al., "Impact of Electrode Surface Morphology in ZnO-
Based Resistive Random Access Memory Fabricated Using the Cu 
Chemical Displacement Technique," Materials, vol. 11, no. 2, Feb. 
2018, Art. no. 265, https://doi.org/10.3390/ma11020265. 

[14] S. T. Aly et al., "Optimizing and characterization of titanium dioxide 
extracted from black sand using response surface methodology (RSM)," 
BMC Chemistry, vol. 19, Dec. 2025, Art. no. 314, 
https://doi.org/10.1186/s13065-025-01675-z. 

[15] L. Mino, C. Negri, R. Santalucia, G. Cerrato, G. Spoto, and G. Martra, 
"Morphology, Surface Structure and Water Adsorption Properties of 
TiO2 Nanoparticles: A Comparison of Different Commercial Samples," 
Molecules, vol. 25, no. 20, Oct. 2020, Art. no. 4605, 
https://doi.org/10.3390/molecules25204605. 

[16] K. Isokoski, C. A. Poteet, and H. Linnartz, "Highly resolved infrared 
spectra of pure CO2 ice (15–75 K)," Astronomy & Astrophysics, vol. 
555, July 2013, Art. no. A85, https://doi.org/10.1051/0004-
6361/201321517. 

[17] H. Wu, L. Huang, A. Rose, and V. H. Grassian, "Impact of surface 
adsorbed biologically and environmentally relevant coatings on TiO2 
nanoparticle reactivity," Environmental Science: Nano, vol. 7, no. 12, 
pp. 3783–3793, Dec. 2020, https://doi.org/10.1039/D0EN00706D. 

[18] N. S. Alghunaim, "In situ synthesis and investigation poly (methyl 
methacrylate)/polycarbonate nanocomposites incorporated with copper 
oxide nanoparticles," Results in Physics, vol. 19, Dec. 2020, Art. no. 
103368, https://doi.org/10.1016/j.rinp.2020.103368. 

[19] K. Gkaliou, L. Benedini, Z. Sárossy, C. Dalsgaard Jensen, U. B. 
Henriksen, and A. E. Daugaard, "Recycled PMMA prepared directly 
from crude MMA obtained from thermal depolymerization of mixed 
PMMA waste," Waste Management, vol. 164, pp. 191–199, June 2023, 
https://doi.org/10.1016/j.wasman.2023.04.007. 

[20] T. Kashiwagi, A. Inabi, and A. Hamins, "Behavior of Primary Radicals 
During Thermal Degradation of Poly(Methyl Methacrylate)," Polymer 
Degradation and Stability, vol. 26, pp. 161–184, 1989. 

[21] G. Yudoyono, Y. H. Pramono, M. Zainuri, and D. Darminto, "Optical 
properties of TiO2 nanorod/PMMA bilayered film and the application for 
anti-reflection," Micro & Nano Letters, vol. 12, no. 10, pp. 787–792, 
2017, https://doi.org/10.1049/mnl.2017.0211. 

[22] W. Ci, P. Wang, W. Xue, H. Yuan, and X. Xu, "Engineering 
Ferroelectric-/Ion-Modulated Conductance in 2D vdW CuInP2S6 for 
Non-Volatile Digital Memory and Artificial Synapse," Advanced 
Functional Materials, vol. 34, no. 25, 2024, Art. no. 2316360, 
https://doi.org/10.1002/adfm.202316360. 

[23] D. Zhang et al., "Significance of polymer matrix on the resistive 
switching performance of lead-free double perovskite nanocomposite 
based flexible memory device," Ceramics International, vol. 49, no. 15, 
pp. 25105–25112, Aug. 2023, 
https://doi.org/10.1016/j.ceramint.2023.05.040. 

[24] Y. Long, T. Na, and S. Mukhopadhyay, "ReRAM-Based Processing-in-
Memory Architecture for Recurrent Neural Network Acceleration," 
IEEE Transactions on Very Large Scale Integration (VLSI) Systems, vol. 
26, no. 12, pp. 2781–2794, Dec. 2018, 
https://doi.org/10.1109/TVLSI.2018.2819190. 

[25] X. Liu et al., "Memristors Based on 2D Materials: Bridging Device 
Theory and Potential Applications," Advanced Functional Materials, 
2025, Art. no. e20816, https://doi.org/10.1002/adfm.202520816. 

[26] W. Wu, H. Wu, B. Gao, N. Deng, S. Yu, and H. Qian, "Improving 
Analog Switching in HfOx-Based Resistive Memory With a Thermal 
Enhanced Layer," IEEE Electron Device Letters, vol. 38, no. 8, pp. 
1019–1022, Aug. 2017, https://doi.org/10.1109/LED.2017.2719161. 

[27] B. Cheng et al., "PMMA interlayer-modulated memory effects by space 
charge polarization in resistive switching based on CuSCN-
nanopyramids/ZnO-nanorods p-n heterojunction," Scientific Reports, 
vol. 5, Dec. 2015, Art. no. 17859, https://doi.org/10.1038/srep17859. 

[28] S. Yao et al., "Optimization of the Cycle Numbers of TiO2 Resistive 
Random-Access Memory Devices by Annealing," ACS Applied 
Electronic Materials, vol. 5, no. 2, pp. 1196–1205, Feb. 2023, 
https://doi.org/10.1021/acsaelm.2c01646. 

[29] M. Kim, K. Yoo, S.-P. Jeon, S. K. Park, and Y.-H. Kim, "The Effect of 
Multi-Layer Stacking Sequence of TiOx Active Layers on the Resistive-
Switching Characteristics of Memristor Devices," Micromachines, vol. 
11, no. 2, Jan. 2020, Art. no. 154, https://doi.org/10.3390/mi11020154. 

[30] J. Xue et al., "Conduction mechanisms analysis of ZrO2-based 
electrochemical metallization RRAM in different RESET modes," 
Chinese Journal of Physics, vol. 91, pp. 369–376, Oct. 2024, 
https://doi.org/10.1016/j.cjph.2024.07.039. 



Engineering, Technology & Applied Science Research Vol. 16, No. 2, 2026, 33827-33835 33835  
 

www.etasr.com Thien et al.: Polymer-Engineered Interfaces for Tailoring Resistive Switching in TiO2-Based Memristors 

 

[31] M. Kumar, H. Sharma, R. Srivastava, and S. Kumar, "Bipolar Resistive 
Switching Behavior in All Inorganic Lead-Free Double-Perovskite 
Cs2SnI6 Thin Film for Low-Power ReRAM," IEEE Transactions on 
Electron Devices, vol. 71, no. 10, pp. 5997–6002, Oct. 2024, 
https://doi.org/10.1109/TED.2024.3445311. 

[32] M. Galetta et al., "Study of Resistive Switching Dynamics and Memory 
States Equilibria in Analog Filamentary Conductive-Metal-Oxide/HfOx 
ReRAM via Compact Modeling," Advanced Electronic Materials, 2025, 
Art. no. e00373, https://doi.org/10.1002/aelm.202500373. 

[33] T. Dudharejiya et al., "Resistive switching and conduction mechanisms 
in PLD-grown GdMnO3/SNTO thin film device," Journal of Materials 
Science: Materials in Electronics, vol. 36, no. 24, Aug. 2025, Art. no. 
1482, https://doi.org/10.1007/s10854-025-15582-5. 

[34] Y. Cho et al., "Effect of Electrochemically Active Top Electrode 
Materials on Nanoionic Conductive Bridge Y2O3 Random-Access 
Memory," Nanomaterials, vol. 14, no. 6, Mar. 2024, Art. no. 532, 
https://doi.org/10.3390/nano14060532. 

[35] G. Tarsoly, J.-Y. Lee, F. Shan, and S.-J. Kim, "Switching facilitated by 
the simultaneous formation of oxygen vacancies and conductive 
filaments in resistive memory devices based on thermally annealed 
TiO2/a-IGZO bilayers," Applied Surface Science, vol. 601, Nov. 2022, 
Art. no. 154281, https://doi.org/10.1016/j.apsusc.2022.154281. 

[36] T. Swoboda et al., "Spatially-Resolved Thermometry of Filamentary 
Nanoscale Hot Spots in TiO2 Resistive Random Access Memories to 
Address Device Variability," ACS Applied Electronic Materials, vol. 5, 
no. 9, pp. 5025–5031, Sept. 2023, 
https://doi.org/10.1021/acsaelm.3c00782. 


