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Memristors are becoming increasingly recognized as candidates for neuromorphic devices due to their
low power consumption, non-volatile memory, and synaptic properties and the ease of parallel
computing through crossbar arrays. However, sneak current is a critical obstacle in crossbar arrays, and
much research is being conducted to suppress the sneak current through self-rectifying characteristics.
Here, we present a highly straightforward method for fabricating an active layer of a self-rectifying
memristor through a single spin coating process, capitalizing on the attributes of spin coating, which
initiates the reaction from the upper portion of the solution. We fabricated a self-rectifying memristor
using an Ag/TiO,/TiO,/ITO structure through a vacuum-free solution process with low cost. During the
spin-coating process, the reaction between titanium isopropoxide (TTIP) and ambient moisture formed
TiO, with an oxygen vacancy gradient. We confirmed the natural oxygen vacancy gradient using X-ray
photoelectron spectroscopy (XPS) depth profiling and elucidated the resistance switching and self-
rectifying mechanisms of the memristor based on the energy band structure. The memristors exhibited
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resistance switching and self-rectifying characteristics, which were essential characteristics for

Open Access Article. Published on 16 April 2024. Downloaded on 7/31/2025 6:13:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-c

1. Introduction

Recently, memristors have been extensively studied as the next-
generation non-volatile memory devices owing to their low
power consumption and synaptic characteristics."™ Conven-
tional memristors are composed of a simple two-terminal
device consisting of a metal-insulator-metal structure, predo-
minantly using oxide-based insulators such as TiO,, TaOy, AlO,
and HfO,.>® These metal oxide-based memristors can broadly
be categorized into two types: filament type and interface type.
In the filament type memristor, the formation of conductive
filaments is observed due to ion migration. Furthermore,
switching between a low resistance state (LRS) and a high
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preventing sneak currents in a 3 x 3 crossbar array structure.

resistance state (HRS) is facilitated by the formation or rupture
of a conductive filament, which is a few nanometers wide, in
response to an externally applied electric field.'®'" On the other
hand, in the case of interface type memristors, switching
between the HRS and LRS is driven by the migration of oxygen
vacancies and the consequent change in contact resistance
such as the Schottky barrier height, leading to gradual resis-
tance changes.’>"® Interface type memristors have an advan-
tage in reliability over filament type memristors due to the
absence of the irregular forming process required.'*"> How-
ever, they exhibit poorer retention properties than filament type
memristors, due to the detrapping of electrons and the diffu-
sion of oxygen vacancies from the interface to the bulk.'®"”
These switching characteristics make them useful as memory
devices. Memristors are two-terminal devices, as opposed to
traditional three-terminal memory devices based on transistors.
Therefore, memristors offer advantages in increasing memory
integration through a crossbar array architecture. The crossbar
array architecture, a parallel circuit structure similar to human
neural networks, facilitates parallel computing and offers remark-
able efficiency in artificial neural networks (ANNs).'*° Because of
these advantages, memristor crossbar arrays emerge as promising
candidates for neuromorphic applications. However, there is a
serious obstacle called sneak current through sneak paths in the
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memristor crossbar arrays. Reading of high resistance state (HRS)
cells is obstructed by sneak current flowing through adjacent low
resistance state (LRS) cells.'>*" Sneak current can be eliminated
by connecting various devices in series, such as a diode,**?* tran-
sistor’**® and metal-insulator switching devices.”®*” However,
this approach has the drawback of inducing a voltage drop, which
deteriorates the performance of memristors, and it also intro-
duces added complexity to the device fabrication process. In this
respect, self-rectifying memristors offer significant advantages as
they can suppress sneak currents induced by reverse bias without
requiring additional devices in the crossbar array.®>®

It is very challenging for single active-layer memristors to
exhibit self-rectifying characteristics because they are predomi-
nantly of the filament type. In the case of filament type
memristors, conductive filaments are formed and broken due
to ion migration in response to bias, resulting in the transition
between the LRS and HRS.>*?%3° These conductive filaments
are inherently incapable of exhibiting self-rectification, which
leads to sneak currents in a crossbar array. Furthermore, the
formation of these conductive filaments is highly irregular, and
controlling the filament size is very difficult.>* Therefore, numer-
ous research efforts aim to inhibit the sneak current path through
interface type memristors, capitalizing on features such as com-
plementary resistive switching (CRS) or self-rectifying charac-
teristics. Leung et al. reported a CRS memristor composed of
TiO,/TiO,/TiO, active layers to suppress leakage current, but the
current-voltage (I-V) characteristics showed a small hysteresis
window due to the CRS structure.** Meanwhile, much research
has also focused on self-rectifying characteristics using multi-
active layers such as TiO,/HfO,, HfO,/TaO,, Ta,Os/HfO,, and
NbO,/TiO,/NbO,  structures.*>>® However, these approaches
require highly precise atomic layer deposition (ALD) processes,
leading to complexity due to additional fabrication steps. Further-
more, a voltage drop occurs owing to energy barriers between the
active layers or insulating layers.

In this work, we fabricated a single TiO, active layer with an
oxygen vacancy gradient through a very simple spin coating
process, considering that only the top of the solution is exposed
to the atmosphere during the spin coating.*”’*® The single TiO,
thin film formed a TiO,/TiO, structure due to the oxygen
vacancy gradient, and high-resolution transmission electron
microscopy (HR-TEM) and X-ray photoelectron spectroscopy
(XPS) depth profiling were used to observe the oxygen vacancy
gradient within the single TiO, thin film. In addition, we
demonstrated resistive switching, low voltage operating and
self-rectifying characteristics in a fabricated Ag/TiO,/TiO,/ITO
using the spin coating method. The TiO, based memristor in
3 x 3 crossbar array could retain the LRS and HRS in individual
cells, and the synaptic function of the device was investigated.

2. Experimental
Preparation of TiO, thin films

We synthesized three different types of TiO, thin films using
distinct TiO, solutions and spin coating conditions. The TiO,
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thin films are abbreviated as follows: a-TiO, spin-coated under
ambient conditions, g-TiO, spin-coated in a glove box, and
s-TiO, fabricated using a sol-gel solution. 0.33 M titanium
isopropoxide (TTIP) solution used to prepare a-TiO, and
¢-TiO, thin films was synthesized by adding 1 ml of TTIP
(SAM CHUN) to 10 ml of ethanol. The vial containing the
solution was sealed to prevent the hydrolysis reaction caused
by moisture, and the TTIP solution was vigorously stirred for
1 h. The as-prepared TTIP solution was spin-coated onto an
indium tin oxide (ITO)/glass substrate at 6000 rpm for 30 s.
It was then pre-annealed at 150 °C for 10 min, followed by post-
annealing at 350 °C for 1 h, resulting in the fabrication of a
TiO,/TiO, film with an oxygen vacancy gradient. For a-TiO,,
both spin-coating and annealing were conducted under ambi-
ent conditions, with the relative humidity ranging from 35 to
45%. In contrast, for g-TiO,, spin coating and pre-annealing
were carried out in a glove box under an N, atmosphere, while
post-annealing was carried out under ambient conditions.
To fabricate s-TiO,, a sol-gel solution was prepared by stirring
1 ml of 0.33 M TTIP solution and 10 pl of 36 wt% aqueous HCl
for 1 h to achieve homogeneous and slow hydrolysis.*® s-TiO,
was fabricated by spin-coating the sol-gel solution, with
the same spin-coating and annealing conditions as those for
a-TiO,.

Device fabrication

An ITO/glass substrate with a sheet resistance of 15 Q sq ™'
(size: 15 mm x 15 mm) was used as the bottom electrode. Dot
type memristors used bare ITO, whereas crossbar type memris-
tors used ITO patterned in three bar shapes (size: 15 mm x
1 mm). The ITO electrode was patterned using a positive
photoresist (PR) (AZ 5214, AZ Electronic Materials) through
conventional photolithography and a wet etching process using
HCI as the etchant. The ITO/glass substrate was ultrasonicated
sequentially with DI water, acetone and isopropyl alcohol. The
cleaned ITO/glass substrate was treated with UV-ozone for
20 min to increase the ITO work function.”® Following this,
the TiO, thin film was deposited on ITO through spin-coating
and annealing processes. Next, a photolithography process was
performed to define the top electrode size. A positive PR was
spin-coated on at 6000 rpm for 30 s, followed by baking at
120 °C for 3 min. The PR layers were patterned by UV light
exposure through a metal mask and then developed using
2.38 wt% tetramethylammonium hydroxide in water. The size
of the developed patterns was 1000 pm x 1000 pm for the dot
type and 1500 pum x 100 pm for the crossbar type. After hard
baking at 150 °C for 10 min, an Ag paste (P-100, CANS) top
electrode was spread on the pattern using a needle. Finally,
the Ag paste was hardened by annealing at 100 °C for 20 s,
completing the Ag/TiO,/TiO,/ITO structure memristor. Sche-
matic structures of dot type and crossbar type devices are
shown in Fig. S1 (ESIY).

Characterization

HR-TEM images and energy-dispersive spectroscopy (EDS)
data were obtained using a field emission electron microscope

This journal is © The Royal Society of Chemistry 2024
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(JEM-2100F, JEOL). XPS and ultraviolet photoelectron spectro-
scopy (UPS) measurements were conducted using a surface
analysis system (NEXSA, Thermo fisher) with an Al Ko
(1486.6 V) source for XPS and a He I (21.22 eV) source for
UPS. The energy references of the XPS and UPS spectra were
calibrated with respect to the Fermi level of a clean Au sample.
For XPS depth profiling, Ar etching was carried out and 4 keV
Ar" ion beam was used as the etching source. The I-V char-
acteristics were measured using a two probe measurement
system with a source meter unit (2400, Keithley) under ambient
conditions. Synaptic characteristics of the device, including
potentiation and depression, were measured using a source
meter unit (2634B, Keithley).

3. Results and discussion

As a result, hydrolysis proceeds rapidly in the upper portion of
the solution exposed to the atmosphere, while in the lower
portion of the solution, the hydrolysis reaction occurs much
more slowly. After annealing, the upper part of the thin film is
converted into stoichiometric TiO,, whereas the lower part of
the thin film is converted into TiO, with large amounts of
defects. Consequently, the a-TiO, single layer forms the TiO,/
TiO, structure.*’™® We anticipated that the partially formed
TiO, would exhibit self-rectifying characteristics in memristors.
Fig. 1b shows a cross-sectional HR-TEM image of a crystalline a-
TiO, thin film formed on an ITO substrate, with the inset
displaying a fast Fourier transform (FFT) image of the a-TiO,
thin film. The angles indicated in the FFT image are 82° and
49°, which are identical to the theoretical values for the angles
between the (101) and (011) crystal planes of anatase.***> Due
to the process involving a single spin-coating step for thin film
formation, the TiO,/TiO, interface boundary could not be
identified in HR-TEM images. However, the formation of TiO,
and the differences between the upper and lower parts of the
thin film were verified. In the HR-TEM image of a-TiO,,
the atomic plane spacing was 3.50 nm for 10 atomic planes
(d-spacing: 0.350 nm) in the upper portion of a-TiO,, while in
the lower portion of a-TiO,, it was 3.54 nm for 10 atomic planes
(d-spacing: 0.354 nm). The d-spacing value in the upper part of
a-TiO, was consistent with the reported d-spacing value of
anatase.**™*® However, the d-spacing of the lower part of
a-TiO, is slightly larger, indicating the presence of defects,
such as Ti’* ions, oxygen vacancies and hydroxyl groups, in
the lower part of a-TiO,. Fig. 1c presents the overall elemental
distribution of C, O, Ti, Si and In atoms and quantitatively
compares the element counts based on EDS line scan results.
Ti counts were higher in the lower part of a-TiO, than in the
upper part, while O counts remained relatively uniform. This
indicates the presence of the TiO, phase in the lower part of the
a-TiO, thin film. The HR-TEM image (scale bar: 100 nm) and
EDS mapping images in Fig. S2 (ESIt) indicate that the a-TiO,
thin film was formed uniformly.

To investigate the difference in chemical bonding between
the upper and lower portions of the a-TiO, thin films, XPS
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depth analysis was conducted. Fig. 2 depicts the XPS spectra
of the Ti 2p and O 1s regions of the a-TiO, thin film on an
ITO substrate, respectively, as functions of sputtering time.
As shown in Fig. 2a, two prominent peaks were observed in the
Ti 2p region of the XPS spectra at approximately 459.3 eV and
465.1 eV before etching a-TiO,. The separation between these
peaks is representative of Ti 2pz, to Ti 2p,, spin-orbital
splitting, originating from Ti** in Ti0,.””*® It is observed that
these two spectra have different full width at half maximum
(FWHM) values due to the Coster-Kronig effect.*” The XPS
spectra of the upper portion of a-TiO, exclude Ti** and Ti**
peaks at around 457.5 €V and 455.5 €V.>° However, after etching
the a-TiO, thin film, shoulder peaks appeared at around
458 and 455 eV, indicating the presence of Ti*" and Ti*".
Moreover, the shoulder peaks also intensified as the etching
time increased, and etching for over 50 s revealed the presence
of In 3d peaks originating from the underlying ITO substrate.>*
Additionally, after etching for more than 50 s, the low binding
energy shift of the Ti*" peak was caused by adjacent indium and
tin atoms.’>”* Therefore, the XPS depth analysis of Ti 2p reveals
that the upper portion of a-TiO, exists in the TiO, phase, and
the content of TiO, increases further down in the lower part of
a-TiO,. The lattice oxygen (Oy) peak at around ~ 530.5 eV shifts
to a higher binding energy with an increase in etching time,
and the shoulder peak between 531 and 533 eV appears due to
the presence of oxygen vacancies (V,) and hydroxyl groups, as
shown in Fig. 2b.>* After etching for more than 50 s, the Op
peak shifted to a lower binding energy influenced by the ITO
substrate. Many studies have reported that TiO, containing Ti**
ions induces the formation of V,.>*°*® Therefore, the XPS O 1s
depth profiles show the same tendency as the XPS Ti 2p depth
profiles, indicating the presence of the oxygen vacancy gradient
within the a-TiO, thin film.

We compared a-TiO, spin-coated under ambient conditions,
¢-TiO, spin-coated in a glove box under an N, atmosphere,
and s-TiO, fabricated using a sol-gel solution to retard the
hydrolysis reaction with moisture. This comparison was aimed
at demonstrating that the oxygen vacancy gradient in a-TiO,
originates from the reaction with atmospheric moisture during
spin-coating. As shown in Fig. S3 (ESIT), XPS depth analysis was
also carried out on the g-TiO, and s-TiO, thin films. Fig. 3
shows the Ti 2p and O 1s XPS spectra of various TiO, thin films
at etching times of 0 s, 10 s and 30 s, respectively. As shown in
Fig. 3a, the upper portion of several TiO, thin films exhibits
peaks at ~459.3 and ~465.1 eV, with no observable peak
indicative of Ti*" and Ti*". This indicates that the surfaces of
a-TiO,, g-TiO,, and s-TiO, are all in nearly defect-free TiO,
states. However, in the Ti 2p XPS spectra at an etching time of
10 s (Fig. 3b), a decrease in the Ti** peak and the appearance of
a shoulder peak corresponding to Ti*" are observed, regardless
of the type of TiO,. In addition, in the Ti 2p XPS spectra at an
etching time of 30 s (Fig. 3c), the Ti*" peak decreased more
significantly compared to that at an etching time of 10 s, while
the Ti** and Ti** peaks increased prominently. Notably, in the
case of a-TiO,, the increase in Ti*" and Ti** peaks was not
as prominent, and the presence of Ti*>" was relatively limited.
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Fig. 1 Formation of a TiO,/TiOy structure. (a) Schematic diagram of spin coating of an a-TiO, thin film using the TTIP solution. (b) Cross-sectional HR-TEM
image of a crystalline a-TiO, thin film on an ITO substrate and FFT image (inset). (c) EDS elemental line of the a-TiO, thin film on the ITO substrate.

The Ti 2p XPS depth profile results indicate the existence of a
gradual TiO, state as a function of the depth within a-TiO,,
which exhibits a more natural oxygen vacancy gradient of the
TiO, state compared to g-TiO, and s-TiO,. Moreover, it suggests
that the chemical bonding composition in the lower portion of
a-TiO, is distinct from that of the lower portions in g-TiO, or s-
TiO,. To analyze the different types of TiO, chemical bonds,
the O 1s spectra were deconvoluted into three peaks using
the Gaussian-Lorentzian fitting. The peaks centered at binding
energies of ~530.5, ~531.5 and ~532.6 eV indicate the
presence of Op, V,, and hydroxyl groups, respectively. As shown
in Fig. 3d-f, the XPS O 1s spectra of unetched TiO, films
exhibited similar surface characteristics, consistent with the
observed trends in the Ti 2p spectra, regardless of the spin-
coating conditions used for TiO, film deposition. However, the
O 1s spectra of TiO, films etched for 30 s exhibited differences
attributable to the spin-coating conditions, as shown in Fig. 3g-i.
The lower portion of a-TiO, exhibited a significantly higher
concentration of V, compared to its surface, and this concen-
tration was also notably higher than that observed in the lower
portions of g-TiO, and s-TiO,. Additionally, as shown in Fig. S4
(ESIt), a-TiO, exhibited a higher V, concentration compared to

6884 | J Mater. Chem. C, 2024, 12, 6881-6892

g-TiO, and s-TiO, for all etching time conditions. However, the
concentration of hydroxyl groups was significantly lower in etched
a-TiO, compared to etched g-TiO, and s-TiO,. Fig. S5 (ESIt)
summarizes the area ratios of deconvoluted XPS O 1s peaks of
TiO, films for a precise analysis of the depth-dependent charac-
teristics. The depth-dependent oxygen vacancy gradient in TiO,
forms the TiO,/TiO, structure, contributing to self-rectification in
memristors. Moreover, natural oxygen vacancy gradient and a
larger amount of V,, in a-TiO, prompt migration of oxygen ions,
ultimately enabling low-voltage operation and a high on/off ratio
in the memristor.

Fig. 4a-c depict the I-V curves of dot type memristors, swept
from —0.9 V to 0.9 V over 10 cycles. In Fig. 4a, the red arrows
and numbers represent the voltage sweep sequence (under
0V —> 09V > —09V — 0V), and the I-V curves in Fig. 4b
and c were also obtained under the same sweep sequence and
bias. All types of memristors exhibited reversible resistance
switching and self-rectifying characteristics without the form-
ing process. However, a-TiO, memristors exhibited superior
electrical characteristics compared to g-TiO, and s-TiO, mem-
ristors. As shown in Fig. 4a, the a-TiO, memristor initially was
at the HRS and rapidly reduced its resistance when the applied

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc00227j

Open Access Article. Published on 16 April 2024. Downloaded on 7/31/2025 6:13:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

(a)

View Article Online

Paper

~_~
=
~

In -1t i T
/ \\

a-TiO2

o b 100s
//\\,,/ . 90s
- 8es
P —_T08
| 8
8| AN
2 o 40s
s 30
£ S 20s

i
(T

Os

I

a-TiO2

— | 100s
| 90s|
~80s
70s
60s
50s
40s

— VO

NN

-~ 30s

~ 20s|

10s

/
[ ]

5s
Os

[

450 455 460 465 470 528

Binding Energy (eV)

530 532 534
Binding Energy (eV)

Fig. 2 XPS depth profile for (a) Ti 2p and (b) O 1s in the as-prepared a-TiO; film on the ITO substrate.

bias exceeded 0.25 V, ultimately reaching a compliance current
of 1 mA before reaching a bias of 0.9 V. Subsequently, the
a-TiO, memristor exhibited a decrease in current as the bias
was reduced to around 0.5 V from the LRS. In contrast, g-TiO,
and s-TiO, memristors exhibited resistance changes at rela-
tively higher voltages and failed to reach 1 mA even at 0.9 V, as
shown in Fig. 4b and c. To precisely confirm the migration of
oxygen vacancies and resistance switching at low voltages,
5 cycles at a positive bias of 0.5 V were conducted. As shown
in Fig. S6 (ESIf), resistance changes and hysteresis were
observed in a-TiO,, whereas no resistance change was noted
in s-TiO, and g-TiO,. This indicates that oxygen vacancy migra-
tion occurs under low voltage bias only in a-TiO,, suggesting
that the natural gradient of oxygen vacancy concentration
significantly facilitates oxygen vacancy migration. The on/off
ratio (the ratio of current of LRS to current of HRS at the same
voltage) is plotted as a function of bias in Fig. 4d. The
maximum on/off ratio of the a-TiO, memristor exceeded
2 x 10* at nearly 0.25 V, and the value remained nearly unchanged
even after 10 cycle sweeps. In contrast, g-TiO, and s-TiO,

This journal is © The Royal Society of Chemistry 2024

memristors showed their maximum on/off ratios at relatively
higher voltages in the first cycle and significant shifts in the
voltage corresponding to the maximum on/off ratio after
10 sweep cycles. Fig. 4e shows the rectification ratio (ratio of
the LRS forward current to the LRS reverse current at a certain
applied voltage) of the memristors with respect to the sweep
cycle number. The maximum rectification ratio of the a-TiO,
memristor was more than 10 in both the first and tenth cycles.
However, the maximum rectification ratio of g-TiO, and s-TiO,
memristors was less than 10* in the first cycle. In the case of
g-TiO,, the maximum rectification ratio increased after 10
sweep cycles compared to the first sweep cycle. However, such
electrical property changes with cycling are a significant draw-
back in the devices. As a result, the a-TiO, memristor, with a
larger amount of V, and the most natural oxygen vacancy
gradient, exhibited the best electrical characteristics. Further-
more, the a-TiO, device exhibited relatively stable electrical
properties under voltage sweeps, due to the scarcity of hydroxyl
groups, which have the potential to induce device degradation.
Additionally, to demonstrate thickness dependency on the

J. Mater. Chem. C, 2024, 12, 6881-6892 | 6885
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switching behavior, we fabricated a-TiO, memristors using
a-TiO, solutions of various concentrations (0.11 M, 0.33 M,
0.66 M, and 1.32 M). As shown in Fig. S7 (ESIY), in the case of
thin films (at 0.11 M), sufficient moisture and TTIP react during
spin-coating, resulting in suppressed TiO, formation and, con-
sequently, fewer oxygen vacancies. As a result, the 0.11 M a-TiO,
thin film exhibited insufficient switching behavior, but self-
rectifying characteristics were observed. On the other hand, for
thicker films (at 0.66 M and 1.32 M), an insufficient reaction

6886 | J Mater. Chem. C, 2024, 12, 6881-6892

occurs between moisture and TTIP, resulting in increased
TiO, formation and a higher incidence of oxygen vacancies.
Therefore, thicker a-TiO, films exhibited not only sufficient
switching behavior but also self-rectifying characteristics.
However, forming processes were observed in thicker films
due to excessive oxygen vacancies and need to be avoided in
interface memristors. Consequently, these results indicate that
achieving stable resistive switching and self-rectifying charac-
teristics in memristors requires thin films of TiO,/TiO, with an

This journal is © The Royal Society of Chemistry 2024
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(e) Rectification ratio of a-TiO,, g-TiO, and s-TiO, memristors.

appropriate thickness. To compare the performance of our
memristor with that of previously reported devices, we sum-
marized our work and previous studies. As shown in Table S1
(ESIY), the a-TiO, based memristor exhibits remarkable rectifi-
cation characteristics and low voltage operation.®”~®°

As shown in Fig. S8 (ESIf), UPS measurements were con-
ducted for ITO, a-TiO,, g-TiO, and s-TiO, films to elucidate the
memristor mechanism based on the energy band structure.
Fig. S9 (ESIt) presents the energy band diagram with aligned
Fermi level (Eg) from the UPS data. Given that the band gap of
anatase TiO, is known to be 3.2 eV,%”"°® the energy gap between
the conduction band maximum (CBM) state of a-TiO, and
Er was determined to be 1.48 eV. Fig. 5 depicts a simplified
schematic diagram of the proposed resistive switching and self-
rectifying mechanism for the a-TiO, based Ag/TiO,/TiO,/ITO
memristor. Furthermore, to investigate the conduction mecha-
nism of the Ag/TiO,/TiO,/ITO structure a-TiO, memristor, the
I-V curves were replotted using a log(7)-log(V) plot for the HRS
and LRS. As shown in Fig. S10a (ESIt), in the HRS, (1)
thermionic Schottky emission, (2) trap-filled limited (TFL)
current (slope > 2) and (3) trap-filled limited current (slope
> 2) owing to increased trap states from oxygen vacancy
migration were sequentially observed as the positive voltage
increased.®®””* Due to the natural oxygen vacancy gradient and
the highest concentration of V,, the a-TiO, memristor achieved
TFL conduction at lower voltages than those of s-TiO, and
2-TiO,. In contrast, only trap-free space-charge limited conduc-
tion (SCLC) (slope = 2) was observed in the LRS as shown in

This journal is © The Royal Society of Chemistry 2024

(a)—(c) I-V characteristics of the a-TiO,, g-TiO, and s-TiO, memristors, respectively. (d) On/off ratio of a-TiO,, g-TiO, and s-TiO, memristors.

Fig. S10b (ESIt).”>””* In addition, Ohmic emission attributed to
conductive filaments was not observed, which supports the
characterization of the Ag/TiO,/TiO,/ITO structure memristor
as an interface type. Moreover, as depicted in Fig. S11 (ESIY),
utilizing conductive polymer as the top electrode in the PEDOT:
PSS/TiO,/TiO,/ITO structure revealed similar -V characteristics
to those of the a-TiO, memristor. This observation supports
that the switching mechanism in our memristor is not driven
by conduction filaments associated with metal electrodes.
Fig. 5a shows the I-V curve of the a-TiO, memristor corres-
ponding to the driving mechanism depicted in Fig. 5b-f. The
color gradient in the schematic diagrams of the mechanism in
Fig. 5b-f represents the degree of V,, with brighter colors
indicating higher concentrations of V,. As shown in Fig. 5b,
the energy barrier inhibits the flow of electrons from ITO to the
CBM of a-TiO, at pristine HRS. Even when considering V,
states, which exist approximately 0.7-1.18 eV below the CBM
of TiO,,”*7® it is difficult for current to flow within the device in
pristine HRS owing to the relatively low concentration of V, at
the lower portion of a-TiO,. However, as shown in Fig. 5c, V,
accumulate in the lower part of a-TiO, due to oxygen ion
migration during positive voltage application in the top elec-
trode, and electrons begin to flow from ITO to the CBM of a-
TiO, through oxygen vacancy states. The increase in the oxygen
vacancy concentration in the lower portion of a-TiO, induces
energy level splitting of V,, promoting their existence in a
broader energy level. As depicted in Fig. 5d, the splitting of
V, levels results in a more favorable flow of electron from ITO to

J. Mater. Chem. C, 2024, 12, 6881-6892 | 6887
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state at V < 0.

a-TiO,, resulting in the memristor switching to the LRS. Fig. 5e
shows the reset process of the memristor during the applica-
tion of a negative bias to the top electrode. The upper portion of
a-TiO, does not contain Ti** and Ti** ions, which results in the
suppression of V, migration to the upper portion of a-TiO,
under low negative bias conditions (V > —1 V). As negative bias
is applied, oxygen ions migrate towards the lower portion of
a-TiO, and V,, migrate towards the center of a-TiO,. Owing to
the absence of V, in the upper portion of TiO,, a significant
energy barrier exists between the TiO, CBM and Ag, resulting in
self-rectifying characteristics.”” Reverse current through the
TiO, CBM is suppressed, but a small amount of current can
flow due to electrons trapped in the V,, energy states. As shown
in Fig. 5f, applying a reverse bias causes V, to return to their
initial positions, switching the memristor to the HRS.

To investigate the suppression of sneak current due to self-
rectification characteristics, we fabricated a crossbar type
device, which was composed of a-TiO, thin films exhibiting
the highest on/off ratio and good stability. Fig. 6a shows the
sneak current path in the crossbar array memristor. In conven-
tional crossbar array memristors, the sneak current can flow
through adjacent LRS cells during the reading of information
from the HRS cell. However, the a-TiO, memristor with self-
rectifying characteristics can effectively suppress all sneak
current paths because no current flows in the reverse bias.
Fig. 6b shows the I-V curves of all a-TiO, based 3 x 3 crossbar
array type memristors. The self-rectifying characteristics of all 9
devices in the crossbar array were confirmed, demonstrating
high uniformity from device to device. Fig. 6c shows the

6888 | J Mater. Chem. C, 2024, 12, 6881-6892

cumulative probability of HRS and LRS conductance for all
crossbar array devices in 10 cycles at 0.3 V read voltage, and
straight shape plots show superior cycle-to-cycle reliability. The
coefficient of variation (C,) was calculated as the standard
deviation divided by the mean value, and C, values for HRS
and LRS conductance were satisfactory at 32.4% and 17.3%,
respectively, indicating good reliability. Fig. S12 (ESIf) shows
full I-V sweep curves measured during 10 cycles of the 3 x 3
crossbar array memristor. Fig. S13 (ESIt) shows the I-V curves
of an a-TiO, based dot type memristor and a 3 x 3 crossbar
array type memristor. The similarity in the /-V characteristics
between the dot type and crossbar type memristor provides
evidence of effective sneak current suppression in the crossbar
array, owing to the self-rectifying characteristics of a-TiO, based
memristors. In particular, it can be observed that the rectifica-
tion ratio of both crossbar type and dot type devices remained
nearly identical across all voltage levels, as shown in Fig. S13b
(ESTt). Specifically, in the crossbar type memristor with electro-
des 10 times smaller than those of the dot type memristor, the
overall current was reduced by nearly tenfold. Specifically, the
overall current through the crossbar type devices was reduced
by nearly tenfold compared to that of the dot type memristor
because the top electrode size of the crossbar type is 10 times
smaller than that of the dot type. This is a typical characteristic
of interface type memristors that the current is proportional to
the active area.'®?>3® Furthermore, this suggests that a-TiO,
memristors can improve power consumption through scaling
down. Fig. 6d demonstrates the memorization capability of an
a-TiO, based crossbar array memristor through a “K” shaped

This journal is © The Royal Society of Chemistry 2024
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conditions.

information storage. All of the 3 x 3 crossbar array devices were
in their HRS before the retention test. A positive bias sweep was
conducted on selected devices to store a “K” shaped image in
terms of conductance, and the conductance of devices was
measured at 0.3 V read voltage, subsequently. Initially, the
average LRS/HRS conductance ratio (average conductance of
cells with stored “K” shape divided by the average conductance
of the remaining cells) was approximately 2.7 times. After
1000 s, the average LRS/HRS conductance ratio was also
2.2 times, and the crossbar array memristor consistently retained
the “K” shape as time passed. The retention data for Fig. 6d were
plotted with an error bar, as shown in Fig. S14 (ESIT). Owing to

This journal is © The Royal Society of Chemistry 2024

rapid electron detrapping and oxygen vacancy diffusion in the
absence of an applied voltage, the on/off ratio showed a significant
discrepancy. Thus, further study is needed to improve retention
issues within single layer base to interface type memristors.'®"”
Fig. 6e—g show the measured synaptic characteristics such as long-
term potentiation (LTP) and long-term depression (LTD) properties
using three different write voltages. Both stimulation of potentia-
tion and depression were carried out with 32 pulses and 1 s pulse
width. The current exhibits a linear increase when repeating the
potentiation pulse (0.4-0.7 V) and a gradual decrease when
repeating the depression pulse —0.1 V at 0.1 V read voltage. When
the potentiation voltage was 0.4 V, the conductance increase was
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minimal, while for potentiation voltages of 0.5 V and 0.7 V, the
conductance increase exhibited similar trends. However, in all
cases, a higher potentiation voltage resulted in a slower occurrence
of LTP characteristics. The changes in conductance during poten-
tiation and depression are nearly identical as shown in Fig. 6(e),
whereas in Fig. 6(f)-(g), we observe a reduction in depression
changes due to the strong potentiation. This result demonstrates
the memristor’s capability to mimic the LTP and LTD of synaptic
weight.

4. Conclusions

We fabricated a memristor with low voltage operation and self-
rectifying characteristics, without forming processes in the
Ag/TiO,/TiO,/ITO device using a fully vacuum-free solution
process. During spin coating, the reaction initially occurs at
the top of the solution, leading to the formation of the TiO,/
TiO, film. Furthermore, as we approach the bottom of the TiO,
film, a higher concentration of V, is observed, confirming the
presence of a natural oxygen vacancy gradient. The memristors
exhibited self-rectifying characteristics due to the TiO,/TiO,
structure, and the natural oxygen vacancy gradient led to more
significant resistance changes at a low voltage. The device
showed a high on/off ratio value of 2 x 10> and high rectifica-
tion values of 10* at biases below 0.9 V. The memristor
successfully suppressed sneak currents and retained resistance
states in a 3 x 3 crossbar array. Thus, our results propose a
straightforward method for developing self-rectifying charac-
teristics and low-voltage operation in memristors.
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