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Application of sol-gel derived titania nanoparticles in memristive thin film devices has been a subject of several studies. The reported data on the
functional properties and stability of such devices scatter considerably. Meanwhile, the role of post-fabrication treatment, such as annealing in
reducing atmosphere, is still poorly investigated for this class of devices. In this study, the effects of thermal annealing in a reducing atmosphere
on the resistive switching behavior and the morphological changes of the top electrode during the electroforming process have been systematically
addressed for the samples of Al/TiO2/FTO thin film memristors prepared using sol-gel derived titania. Manifestations of several phenomena
affecting the functional stability of these thin films, such as electrode delamination and collapse due to formation of gas bubbles, appearance
of electrochemical patterns at the electrode surface, and morphological changes induced by the electroforming process have been systematically
established in relation with the various conditions of thermal treatment in a reducing atmosphere.
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1. Introduction

The field of memristive electronics is one of the promising areas of rapidly developing technologies covering
novel types of memory devices and bioinspired computers [1–4]. Memristor is a passive two-terminal element of
electric circuit, whose resistance dynamically depends on of the electric current amplitude [5]. This key feature has
been proposed for application in the information storage [6,7] or emulation of similar electrical processes in biological
synapses [8–10]. The memristive effect occurs in many organic and inorganic nanomaterials including simple oxides
of transition metals.

Titanium dioxide has been one of the first and most widely used materials in resistive switching applications.
Since the first conceptual implementation of memristive effect in TiO2 thin films [3], this material has been exten-
sively studied regarding both the underlying mechanism of the resistive switching, various applications, as well as
technological approaches towards design and fabrication of final devices [11–13]. The frontier research and appli-
cation of TiO2 memristors concern random-access memory [13–16], neuromorphic computing [3, 17–19], biohybrid
interfaces [20–23], and sensors [24–27]. The key advantages of TiO2 thin film memristors include a relatively high
resistive switching ratio ROFF /RON (typically, much above 102), low threshold voltage (typically, 1-3 volts), and
technological versatility of the fabrication methods [12, 13]. Meanwhile, TiO2 memristors are rather inferior to
other transition oxide counterparts with respect to the functional endurance that in most reported cases has not ex-
ceeded a few hundred cycles [13], though in some episodic studies some higher values above 104-106 have been
reported [28–31]. However, this range is still far below compared to the TaOx counterparts with endurance typically
exceeding 109–1010 cycles [32, 33]. Another obvious disadvantage of TiO2 based memristor is apparently low re-
producibility that manifested itself in an extremely large scattering of the functional properties reported for the films
fabricated by similar to each other technological methods and synthesis routes [12, 13].

Recently, several studies have addressed the solution chemistry approaches to synthesize TiO2 nanoparticles along
with appropriate deposition methods to fabricate thin film memristors, including spin-coating [34, 35], dip coating
[36–38], drop casting [39], or inkjet printing [40, 41]. In contrast to memristive devices produced by the physical
deposition techniques, an extremely high scattering of the key memristive properties such as the resistive switching
ratio, endurance and retention time have been reported for the devices fabricated using TiO2 nanoparticles obtained
by the solution chemistry routes [12]. In these studies, different electrode materials and post-treatment annealing
regimes have been used, while the effect of thermal annealing at a reduced oxygen partial pressure on the resistive
and resistive switching properties of TiO2 thin film has not been systematically addressed yet. Another critical issue
rarely addressed for the memristive devices fabricated using TiO2 nanoparticles is the degradation of the top electrode
as the result of electrochemical interaction with the TiO2 adjacent layer under applied external voltage. This includes
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formation and collapse of oxygen bubbles under the metal layer [42–44] and damages produced by the morphological
changes resulting from the electroforming process [45–47].

In this study, we investigate the effect of thermal annealing at various temperatures in Ar atmosphere on the resis-
tive switching manifestation of an Al/TiO2/FTO thin film memristor fabricated using sol-gel derived TiO2 nanoparti-
cles deposited onto FTO glass by spin-coating and covered by top Al electrodes using thermal evaporation. Addition-
ally, we address the effect of top electrode degradation as the result of electrochemical interactions occurring during
the switching upon various stages of thermal annealing in oxygen reducing atmosphere.

2. Materials and Methods

2.1. Chemicals

Titanium(IV) isopropoxide (97%, Sigma-Aldrich), nitric acid (65%, Sigma-Aldrich), deionized water
(<5 µS·cm−1), isopropanol (≥99.9%, Vekton), methanol (≥99,8%, Fisher Scientific).

2.2. TiO2 synthesis

TiO2 sol was synthesized via sol-gel procedure. Two solutions were prepared. For the first solution 16 mL of
titanium isopropoxide and 12 mL of 2-propanol were mixed. For the second solution 0.7 mL of nitric acid was added
to 100 mL of water and heated up to 70 ◦C. After that, the first solution was slowly added to the second one under
constant stirring. The resulting mixture was maintained for 1 h at 80 ◦C then hermetically covered by a film and kept
for 5 days under stirring at room temperature.

2.3. TiO2 ink preparation

The synthesized sol was dried in a vacuum evaporator to form TiO2 xerogel. Then, TiO2 ink was obtained by
mixing aqueous solution of TiO2 xerogel (20%) with methanol in a ratio of 1:3.

2.4. Thin film fabrication

Fluorine-doped tin oxide (FTO) glass substrates (25×25×2 mm, <10 Ω·cm−2, FTO thickness 950 nm) were
treated in an ultrasonic bath for 5 minutes sequentially in 5 solutions: NaOCl, NaHCO3, deionized water, isopropyl
alcohol, and acetone, then dried with N2 flow. The surface hydrophilization was performed in air plasma for 10 minutes
using a Femto Low Pressure Plasma System (Diener Electronic GmbH, Germany). After that, one layer of prepared
TiO2 ink was spin coated onto the precleaned and hydrophilized FTO using a spin coater APT Spin – 150i NPP
(SPS Europe, France). The coating was performed as one-step procedure with the following parameters: spin speed
2500 rpm, acceleration 350 rpm, time 45 sec. The top Al electrodes were deposited by thermal evaporation in a
vacuum chamber.

2.5. Top electrode deposition

Aluminum layer with a thickness of 50 nm was deposited onto TiO2 layer by thermal evaporation in a vacuum
chamber using a mask with circular holes. The surface area of each Al electrode was set to be 5.85 mm2. The
resulting array of the sandwiched TiO2 layer memristors with the common bottom FTO electrode is illustrated in
Fig. 1a. The thickness of the functional TiO2 layer was evaluated by atomic force microscopy (AFM) using a Solver
Next microscope (NT-MDT, Russia). As illustrated in Fig. 1b, the thickness of the TiO2 layer was estimated to be ca.
60 nm.

2.6. Thermal treatment

After each electrical and microscopical examination, the sample was annealed in Ar for at least 12 h at 250, 350
and 500 ◦C using a tube furnace LOIP LF-50/500-1200. The ramp rate was set to 3 ◦C/min.

2.7. Material characterization

Images of the electrode surface were taken using a LOMO Biolam M-1 microscope equipped with a Micro-
metrics 519CU CMOS 5.0 camera. Scanning electron microscopy (SEM) images were obtained using an electron
microscope Tescan Vega 3. Energy dispersive X-ray spectroscopy (EDX) mapping was performed using an X-act
Silicon Drift Detector from Oxford Instruments. Phase composition at the film surface was analyzed by the X-ray
diffraction (XRD) using a Bruker D8 Discover X-ray diffractometer with filtered parallel beam CuKα radiation in
grazing incidence regime. The current – voltage dependencies were measured using a SubFemtoamp SourceMeter
Keithley 6430 controlled by KickStart Instrument Control Software Version 2.0.6 (Tektronix). Voltage was applied
with a wire tip connected to the Al top electrode, while another wire was connected to the bottom FTO electrode.
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FIG. 1. (a) Experimental sample of Al/TiO2/FTO memristors; (b) AFM characterization of TiO2

layer thickness

3. Results and discussion

In this section we present and discuss the results of electrical characterization of Al/TiO2/FTO thin film memris-
tors along with morphological changes of the top electrode surface before and after several stages of annealing in Ar
at 250, 350, and 500 ◦C, correspondingly.

3.1. Unannealed film

The positive and negative voltage-current curves obtained for an unannealed Al/TiO2/FTO thin film are shown
in Fig. 2. The insets depict images of the top electrode surfaces taken after each 20 negative and positive cycles. At
negative polarity, no visible degradation was observed for the top Al electrode, while no notable resistive switching
has been observed. At positive polarity, the current amplitude has been gradually descending during the cycling, which
corresponds to the formation of gas bubbles resulting in partial delamination of the aluminum layer thus reducing the
contact area. Similar formation of the gas bubbles was documented in several studies including the cases of SrTiO3

single crystal with Au electrode [42] and Pt-TiO2-Pt thin films fabricated with the sandwiched [43] and planar [44]
configurations. The mechanism of the gas bubble formation under the anode was studied in detail [43] and rationalized
by the drift of O2- anions towards the positively biased top electrode followed by the discharging with the subsequent
formation of O2 gas between TiO2 and the top electrode. Consequently, the drift of oxygen vacancies occurs in the
opposite direction [6]. Despite this evidence of the ionic drift manifestation, no filamentary resistive switching was
observed in the unannealed thin film.

FIG. 2. Positive and negative I-V curves for Al/TiO2/FTO thin film and the effect of positive and
negative cycles on the top Al electrode
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3.2. Characterization upon annealing at 250 ◦C in Ar

Fig. 3a depicts the positive and negative voltage - current curves obtained for a sample of Al/TiO2/FTO thin film
annealed in Ar at 250 ◦C. An appreciably high resistive switching ratio ROFF /RON above 104 was obtained in the
sub-switching characterization regime, as illustrated in Fig. 3b.

FIG. 3. I-V characterization of Al/TiO2/FTO thin film annealed in Ar at 250 ◦C: (a) negative and
positive switching curves; (b) sub-switching curves in the “OFF” and “ON” states

The activation of the resistive switching to the “ON” state has been investigated in detail by application of elon-
gated voltage pulses with stepwise changing amplitude, as illustrated in Fig. 4. The primary switching event was
observed at voltage pulse amplitude of −6 V (Fig. 4a) upon nearly a minute since the pulse had been applied (Fig. 4b).
This observation is in line with a model of the resistive switching mechanism based on filament formation [6, 48, 49].
In contrast, the reverse processes observed upon changing the polarity have demonstrated rather slow dynamics of
current relaxation, as shown by the U-I curves 11–13 in Fig. 4b.

Upon several bipolar cycles, the resistive switching in Al/TiO2/FTO thin film annealed in Ar at 250 ◦C became
unstable. As exemplified in Fig. 5, several set-reset switching fails have been observed at relatively low voltage.

FIG. 4. Electrical switching cycle in Al/TiO2/FTO thin film annealed in Ar at 250 ◦C: (a) the
resistive switching process measured with elongated voltage pulses; (b) the corresponding current
curves as a function of time for the stepwise varying voltage measured for the selected points shown
in (a)
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FIG. 5. Instability of resistive switching in Al/TiO2/FTO thin film annealed in Ar at 250 ◦C. The
inset illustrates the corresponding applied voltage pulses and the current response as functions of
time

Inferior functional endurance and retention of the resistive switching memory devices based on TiO2 have been
reported in several studies, especially those addressing solution chemistry approaches to the synthesis of the primary
nanoparticles [12, 13, 50]. The reasons for this phenomenon are still poorly understood. However, one of the known
factors affecting the stability of resistive switching is degradation and morphological changes in the electrodes induced
by electroforming and switching [51, 52]. The state of the electrode surface in a sample of Al/TiO2/FTO thin film
annealed in Ar at 250 ◦C and subjected to several resistive switching cycles have been observed using optical and
scanning electron microscopy with EDX analysis. The results are shown in Fig. 6. The optical microscopy (Fig. 6a)
revealed traces of electrochemical patterns that are typical for the aluminum electropolishing process [53, 54]. This
suggests that the thermal treatment at 250 ◦C was not sufficient for complete removal of the acidic substances used
for the synthesis of TiO2 nanoparticles. Furthermore, some local delaminated spots of the Al electrode with circular
profile evidenced on the SEM microphotograph (Fig. 6b) and EDX aluminum map (Fig. 6c) indicate the formation of
gas bubbles with their consequent outbreak through the Al electrode. Thus, the examined thermal treatment was also
not sufficient to achieve the concentration of oxygen vacancies in the TiO2 layer at a level required for the resistive
switching. For these reasons, further examination was conducted upon thermal treatment in Ar at 350 ◦C.

FIG. 6. (a) Optical microscopy, (b) SEM, and (c) EDX (Al mapping) images taken from the top
aluminum electrode of the Al/TiO2/FTO thin film sample annealed in Ar at 250 ◦C and subjected to
several bipolar resistive switching cycles
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3.3. Characterization upon annealing at 350 ◦C in Ar

Fig. 7a shows the first three bipolar switching cycles measured in response to the applied voltage pulses with step-
wise increasing amplitude for the sample of Al/TiO2/FTO thin film annealed in Ar at 350 ◦C. The observed resistive
switching ratio ROFF /RON in this case remained above 104, as exemplified in Fig. 7b. However, the instability of
the set-reset resistive switching voltage persisted (Fig. 7b). A magnified image of the top electrode surface (Fig. 8)
indicates the presence of minor traces of electrochemical pattern, which is in contrast to the case of the sample an-
nealed in Ar at 250 ◦C. Furthermore, no traces of collapsed gas bubbles were observed. However, the morphological
changes induced by the electroforming process persisted in this sample as well. Similar observations were reported in
literature for other configurations of TiO2 memristor, including the cases with Pt electrodes [51,52]. At the next stage,
an examination of an Al/TiO2/FTO thin film was carried out upon thermal annealing in Ar at 500 ◦C.

FIG. 7. I-V characterization of Al/TiO2/FTO memristive film annealed in Ar at 350 ◦C: (a) The
first three bipolar switching cycles measured at stepwise increasing amplitude of the applied voltage
pulses; (b) sub-switching curves in the “OFF” and “ON” states

FIG. 8. Optical microphotograph of the top aluminum electrode surface in the Al/TiO2/FTO thin
film sample annealed in Ar at 350 ◦C

3.4. Characterization upon annealing at 500 ◦C in Ar

Samples of Al/TiO2/FTO thin film annealed in Ar at 500 ◦C have been characterized at various voltage regimes.
They showed no reversible switching of the electrical resistance. As exemplified in Fig. 9a, a slow non-filamentary
current increase was observed at a rectangular voltage pulses with 4V amplitude, however this process was unstable
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and followed by a rapid decay (curve # 4). Further increase in the applied voltage have resulted in a similar behavior:
a gradual increase in the current response followed by a rapid drop, as illustrated in Fig. 9b.

A microphotograph of the top electrode surface is shown in Fig. 10a. It appears to be rough and porous. An
XRD analysis performed at the grazing incidence geometry for the sample of Al/TiO2/FTO thin film annealed in Ar
at 500 ◦C has revealed the formation of a secondary phase, as marked by asterisks in Fig. 10b. This suggests that
the applied annealing conditions likely induced an irreversible chemical interaction resulting in the formation of a
secondary phase, which seemingly suppresses the resistive switching of the thin film.

FIG. 9. I-V characterization of Al/TiO2/FTO thin film annealed in Ar at 500 ◦C. The first nine
unipolar cycles with stepwise increasing amplitude of the applied voltage: (a) the first four cycles as
a function of time; (b) the next five cycles as I-V hystereses

FIG. 10. (a) Optical microphotograph of the top aluminum electrode surface in the Al/TiO2/FTO
thin film sample annealed in Ar at 500 ◦C and (b) XRD spectra taken in the grazing incidence
geometry from the same surface and the surface of an unannealed sample
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4. Conclusion

In this study, the effect of thermal annealing in a reducing atmosphere on the resistive switching behavior and
the morphological changes of the top electrode during the electroforming process have been systematically addressed
for samples of Al/TiO2/FTO thin film memristors prepared using sol-gel derived titania. Manifestations of several
phenomena affecting the functional stability of these thin films, such as electrode delamination and collapse due to
formation of gas bubbles, appearance of electrochemical patterns on the electrode surface, and morphological changes
induced by the electroforming process have been established in relation with the various conditions of thermal treat-
ment in a reducing atmosphere. The temperature limit for the post-fabrication treatment has also been established.
Thermal treatment at 500 ◦C or above was shown to induce irreversible phase transformation due to chemical interac-
tion, despite the treatment being performed in an inert atmosphere.
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