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Abstract

Nowadays, remarkable progress has been observed in research into neuromorphic computing systems
inspired by the human brain. A memristive device can behaviorally imitate the biological neuronal
synapse therefore memristor-based neuromorphic computing systems have been proposed in recent
studies. In this study, the memristive behaviors of titanium dioxide sandwiched between two platinum
electrodes were investigated. For this purpose, three SiO,/Pt/TiO,/Pt thin films with 7.2 nm, 40 nm,
and 80 nm TiO, metal-oxide layers were fabricated using a pulsed laser deposition technique. The
fabrication process, structural properties, photoluminescence properties and electrical transport
characterization of each thin film have been investigated. All thin films were analyzed in terms of the
film stoichiometry and degree of oxidation using high-resolution x-ray photoelectron spectroscopy.
By measuring the layer thickness, density, and surface roughness with the x-ray reflectivity technique,
by analyzing the structural defects with photoluminescence spectroscopy and by characterizing the
quasi-static electrical properties with the conventional two probes technique, we have shown that the
fabricated memristive devices have bipolar digital switching properties with high Rorr/Roy ratio.
This type of switching behavior is applicable in random access memories. Experimental current—
voltage behavior in the form of pinched hysteresis loop of the films have been modelled with
generalized memristor model.

1. Introduction

Analyzing the known three basic passive circuit elements of electronics, such as a capacitor, resistor, and
inductor, in 1971 Leon Chua [1] formulated six mathematical relationships between the four circuit variables:
electric current (i), voltage (v), electric charge (q), and flux (). Using the symmetry arguments of these
mathematical relationships, Chua envisioned the new dynamic circuit element called a Memory-Resistor or
simply Memristor as a fourth passive element relating charge and flux. In 2008 a group at Hewlett-Packard (HP)
Lab announced that the sandwich structure consisting of TiO, thin film between two platinum electrodes
provides a memristive switching behavior [2]. This new experimental result has led to the attention of many
disciplines such as information processing technologies [3-5], CMOS circuit design [6—8], random access
memory technologies [9, 10], artificial neural networks [11-15], as well as many scientific communities such as
electronics, material, physics, chemistry, biology to this new passive circuit element. A memristor device in the
form of a nano-scaled Metal /Metal-Oxide/Metal (MIM) thin film structure is a two-terminal circuit element
driven by an external stimulus (current or voltage). Since the electrical resistance of the device changes with the

© 2023 The Author(s). Published by IOP Publishing Ltd
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amount of charge flowing through the device, it exhibits a non-linear current—voltage characteristic [2]. Chua
proved that this behavior cannot be produced with only the other three basic circuit elements, so the memristor
has been accepted as a new fundamental circuit element [1, 16]. Due to the hysteretic behavior of the current—
voltage curve, the device is named as memristor which combines the names of ‘resistance’ and ‘memory’ because
the device remembers its previous resistance state [ 1]. This functionality of the device shows that it can be used as
amemory element in CMOS technology in the future. Furthermore, when used with a transistor in hybrid
CMOS chip circuits, it has the potential to enhance device performance [17]. With its low power consumption,
scalability, and controlled voltage-current feature, it can serve as a biological synapse in real brain-like
processors [18, 19].

The first memristor model proposed by HP is explained by the linear drift of positively charged oxygen
vacancies in TiO, oxide driven by an external electric field [2]. During the electroforming process of the
Pt/TiO, /Pt device, a conductive filament where oxygen vacancies are much more abundant than in other
regions, is formed in the TiO, insulator. At this stage, even though a conductive filament is formed between the
two metal electrodes, the device has a high electrical resistance due to the insulating region, and the resistance
state of the entire device is named as High Resistance State (HRS or OFF state). When the electric field applied
between the two metal electrodes is large enough, the oxygen vacancies start to drift toward the opposite metal
electrode, causing an abrupt increment in the device’s conductivity and the growth of the filament structure
(SET state). After the SET process, the filament structure nearly connects the two metal electrodes, causing the
resistance state of the entire device to change from a high resistance state to alow resistance state which is called
as LRS (or ON) state. When the polarity of the applied voltage is reversed and the voltage is large enough, the
opposite electric field causes the conductive filament to dissolve and a sudden drop occurs in conductivity
(RESET), causing the entire device to return from the low resistance state (ON state) to the high resistance state
(OFF state).

Since the realizing of the first Pt/TiO,/Pt memristor device by HP Lab. many memristor devices with
different structure and different materials [20—24] have been investigated. This variety in the field of memristors
led to the development of different memristor models to explain the current—voltage characteristic in the form
of a pinched-hysteresis loop [25-32]. These models help to understand the behavior of devices under different
stimuli just as a sinusoidal, triangular or square pulse with different time and it is possible to extract some device
characteristics. In addition to the mathematical model a physical model based on the Simmons tunneling effect
in Metal/Insulator/Metal structure has been investigated [33]. The generalized memristor model [32] based on
the other mathematical and physical models have been used in literature to simulate the I-V curve more
accurately and it is possible to extract the memristors parameters.

Generally, memristor devices consist of binary metal oxide dielectric such as TiO, [34, 35], SiO, [36], Al,O3
[37], HfO, [38], CuO [39, 40], NiO [41-43], ZnO [44]. The resistive switching phenomenon between two
conduction states has been observed in a wide variety of transition metal oxides, such as PCMO [45], SrZrO;
[46], and SrTiO; [47]. However, the observed switching behavior strongly depends on the material type. There is
steadily increasing research interest in the various memristor concepts to realize lower power, higher
nonlinearity, bipolar and faster switching mechanisms.

The hysteretic behavior of the current—voltage curve of metal-oxide memristor devices makes it possible to
use as a memory device. Unlike conventional random-access memories, memristor-based memory devices are
nonvolatile [48]. The electrical characteristics of the memristor devices strongly depend on their design and
fabrication technique. Therefore SET / RESET process shows variation from device to device or from cycle to
cycle. These properties have been adapted for security applications, such as random number generators [49, 50].
In addition to a non-volatile memory application, memristors have already found applications in neuromorphic
computation circuits due to the multiple resistance states [51]. Another prominent characteristic of the
memristors is their ability to mimic so-called spike-timing-dependent plasticity (STDP) which is important to
realize the neural synaptic learning mechanism. [52, 53]. Moreover, they can be also used in the implementation
of Event-Driven neural systems [54]. Thus, neuromorphic computation science/technology based on
memristor-CMOS learning systems attract the increasing attention of researchers.

Since the renaissance of real memristor device, TiO, binary oxide material have been studied as a prototype
material for many memristor research community. In this work, the memristive behavior of the single cell
consisting of titanium-oxide (TiO,) layer between Pt electrodes grown on SiO, substrate by PLD technique has
been investigated. Possibility to control the parameters of PLD parameters (vacuum pressure, substrate
temperature, etc) gives an advantage of tailoring the stoichiometry, oxygen vacancy concentration and other
structural and electrophysical properties of TiO, layers. The structural properties and the stoichiometry of the
grown films have been characterized by x-ray reflectivity technique and x-ray photoelectron spectroscopy.
Defect energy level in band gap and optical activities of the TiO, have been measured by using
photoluminescence method. DC electrical characterization of the stacked SiO, /Pt/TiO, /Pt thin films have
been measured in order to observe memristive behaviors. We have shown that bipolar switching of both digital
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Figure 1. Fabrication process of the single-cell TiO, based memristor device.

and analog switching behavior can be obtained depending on the sample thickness. Furthermore, we have
demonstrated that the generalized memristor model can be applied to our structures to simulate the
experimental results and help in fabrication of the device with desirable parameters.

2. Materials and method

Single-cell memristor device in the form of SiO, /Pt/TiO, /Pt stacked thin films were grown in high vacuum
chambers with different oxide thicknesses as shown in figure 1. Before the growing process, the 10 mm x 10 mm
sized SiO, (100) substrates were ultrasonically cleaned in acetone, isopropanol and distilled water for 5 min
successively and heated for 15 min at 400 °C for thermal cleaning. Initially, SiO, substrates were coated with 30
nm platinum (Pt) as a bottom electrode (BE) in an RF/DC magnetron sputter chamber at ~1 0~° mbar (UHV)
base pressure. In the device fabrication process, after growing the bottom Pt electrode we took the sample out of
the chamber to prepare the contact region and then it was replaced in the vacuum chamber. Before being placed
in a vacuum chamber again, it was cleaned in acetone, isopropanol, and distilled water for 5 min respectively and
heated for 15 min at 400 °C for thermal cleaning. Then, the sample was transferred to the pulsed laser deposition
(PLD) chamber for TiO4 metal-oxide layer deposition. RF/DC magnetron sputter chamber and PLD chamber
are connected to each other through a connection system that maintains to the vacuum conditions. In the PLD
process, a KrF excimer laser (A = 248 nm) source with a repetition rate of 10 Hz was applied to TiO, PLD targets.
The laser beam from the pulsed KrF excimer laser was focused on the TiO, target at a 45° incidence angle
through the spherical lens and the laser energy density on the target was about 2.4 J cm 2. The growth
temperature was fixed at room temperature and the background pressure was kept at ~1.0 x 10~° mbar. The
distance from the substrates to the target was set as 34 mm. All PLD parameters were kept constant, and all
substrates were rotated at alow speed during the deposition. TiO thin film has been grown by using a TiO, PLD
target. To increase the growth quality and number of oxygen vacancies in the oxide layer of SiO,/Pt/TiO, thin
films, they were annealed at 800 °C for 1hin ~1 x 10~° mbar vacuum condition. XPS measurements show that
the oxygen vacancies were generated at the surface after thermal treatment. Finally, SiO,/Pt/TiO, substrates
were coated with platinum (Pt) as a top electrode (TE) under the same conditions as the bottom electrode. By
using the same condition SiO,/Pt/TiO, /Pt devices with thickness of 7.2 nm, 40 nm, and 80 nm TiO, thin films
were fabricated. The surface area of the top electrode is about 1 mm x 1mm square region.

The thickness, physical density, and interlayer surface roughness of the bottom/top electrode and metal
oxide layer in the produced films were determined very precisely using the small angle x-ray Reflectivity (SA-
XRR) technique using Rigaku XRD device with CuKa x-ray source (A = 0.154 nm) at room temperature.

The stoichiometry and the oxidation degree of the elements in oxide material for all thin films were analyzed
by x-ray Photoelectron Spectroscopy (XPS) method. The XPS measurements were carried out using an Al Ko
radiation (hv = 1486.6 eV) and a hemispherical electron analyzer (Phoibos 100, SPECS GmbH, Berlin,
Germany) at room temperature. During the measurements base pressure of XPS chamber was fixed at about
~10° mbar. To obtain the chemical bonding energies by simulating to the experimental results, fitting with
Gaussian/Lorentzian peak was used after subtracting the Shirley-type background at CasaXPS software [55].
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Figure 2. The small-angle x-ray Reflectivity (XRR) results of SiO,/Pt/TiO, thin films with 7.2 nm (a), 40 nm (b), and 80 nm TiO (c)
metal-oxide layers (The red line represents to the simulation and the blue-solid circle shows the of experimental data).

Table 1. The estimated layer thickness, density and the roughness of each layer in the sample stack for three different

samples.

7.2nm TiO, 40 nm TiO, 80 nm TiO,
Sample
Layers SiO, Pt TiO, SiO, Pt TiO, SiO, Pt TiO,
Roughness (nm) 0.58 — — 0.95 — — 0.29 — —
Thickness (nm) 173 30 7.2 200 30 40 216 30 80
Density (gr/cm3) 2.2 21.45 4.23 2.2 21.45 4.23 2.2 21.45 4.23

The photoluminescence (PL) measurements were performed on the samples using Agilent Cary Eclipse
Fluorescence Spectrophotometer at room temperature.

Quasi-static DC electrical characterizations of memristor devices were measured with the conventional two
probes of the four-point probe technique at room temperature using Keithley 2400 SourceMeter and current
-voltage (I-V) program via LabVIEW software.

3. Results and discussion

3.1.XRRresults

X-ray Reflectivity (XRR) measurements have been done by using a Rigaku XRD device. The obtained results
have been simulated with Rigaku GlobalFit software at Institute of Nanotechnology at GTU. Processing has been
carried out in a parallel beam of 5 mm slit width and XRR #—260 degree scans have been recorded within the
angular range from 0 to 6 degrees and have been focused on related data on the graphics. The critical angles of the
order of 1—1.1 has been observed for all sample. Figure 2 shows the XRR curves and the best-fitting of these
curves with suitable parameters for three different samples. The fitting parameters of each layer as the thickness,
density, and surface roughness of the SiO,/Pt/TiO, /Pt films are listed in table 1. The thickness of the TiO, oxide
layer is estimated as 7.2, 40 and 80 nm. These values are consistent with the growth conditions such as frequency
and duration of pulsed laser in the PLD system. The physical density of the TiO, material has been taken as 4.23
gr/cm’ which is the bulk rutile TiO, value [56].

3.2. XPSresults
X-ray photoelectron spectroscopy (XPS) is a general non-destructive technique to provide sensitive and
remarkable information about the chemical composition and electronic structure of the surface. Moreover,
elemental composition and the formation of chemical bonds between components of metal oxide are
investigated with the XPS method. In this study the stoichiometry and the oxidation degree of constitute
elements were analyzed by considering the Ti2p and O 1s core energy levels with high-resolution XPS (Phoibos
100, SPECS GmbH, Berlin, Germany). Figure 3 shows the high-resolution XPS spectra of the thermally annealed
and non-annealed TiOj thin film as well as the simulation of experimental XPS spectra with CasaXPS software
[55]. The measured Ti,, doublet peaks arising from the spin—orbit coupling were simulated considering to the
Ti*T, T, Ti* T and Ti°. All fitting parameters are presented in table 2.

As seen in figure 3(a), (a) broad doublet peak of Ti** with a shoulder was observed. The peak positions of
Ti*" 2ps3 , and 2p; /, of non-annealed TiOy (7.2 nm) film are 459.3 and 464.5 eV respectively. The corresponding
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Figure 3. XPS spectra of O;yand Ti,, for thermally annealed and non-annealed TiOy thin films and the simulation results of the
experimental data. (a) Shows the XPS results of annealed and non-annealed SiO,/Pt/TiOy (7.2 nm). (b) Shows the XPS results of
annealed and non-annealed SiO,/Pt/TiO, (40 nm). (c) Shows the XPS results of annealed and non-annealed SiO,/Pt/TiO, (80 nm).

spin—orbit coupling energy is measured as 5.2 €V at room temperature. After thermal annealing the peak
positions of Ti*" 2p; ;, and 2p; /, are shifted to the 459.57 and 465.23 eV and the corresponding spin—orbit
coupling energy was measured as 5.66 eV. According to the simulation results, there are contributions of Ti*",
Ti**, Ti2" and Ti° to the resultant envelope XPS curve. The ratio of Tit* has increased from 22% to 87% as the
result of thermal treatment at vacuum and these peaks are consistent with Ti*" in TiO,. On the other hand, the
ratio of Ti "> and Ti " decreased from 44% to 9.3% and 17.7% to 2.6% respectively. These Ti "> and Ti**ions
have been attributed to the broken bonds at the surface and oxygen deficiency in the deeper layer [57]. According
to the best fitting of the O spectrum this peak was attributed to the lattice and non-lattice oxygen with a binding
energy of 530.8 and 531.41 eV, respectively. These results were consistent with experimental data published in
the literature [58].

In the literature there are many experimental results showing the TiOj film from the TiO, target as can be
seen in References of [59—64]. In these studies, the oxygen vacancy formation on the surface have been attributed
to the reconstruction of the surface due to oxygen-deficient atmosphere, such as under vacuum conditions. The
reduction of oxygen on the surface of grown film is much higher than the deeper region of the film. Due to the
heating of film under vacuum condition reduction of oxygen (oxygen vacancies) can diffuse into the deeper
regions of the film. Figure 3 shows the measured XPS data. After annealing of all films, simulation of the data
shows to the existence of Ti"> and less Ti*? and this valency has been attributed to the reduction of TiO, in to the
TiO,. These results have been supported by Photoluminescence (PL) measurements as seen in figure 4. The
main defect states of nanostructured TiO, are self-trapped excitons (STE), single ionized oxygen vacancies
(Vo®), doubly ionized oxygen vacancies (Vo**), and excited states of Ti’" at416 nm, 443 nm, 531 nm and 802
nm, respectively [65—70]. As can be seen form the figure 4 we observed excitation at 416 nm, 443 nm, 531 nm
referring to the oxygen vacancies after thermal treatment under vacuum conditions.

3.3. Photoluminescence (PL) results
Photoluminescence (PL) spectra are generally used to study the optical activity, crystal imperfection, impurities
and defect density of semiconductor materials. Therefore, photoluminescence measurements were performed
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Figure 4. Photoluminescence spectra of SiO,/Pt/TiO, thin film with different thicknesses.

Table 2. XPS fitting parameters of SiO,/Pt/TiO, (7.2 nm, 40 nm, 80 nm).

$i0,/Pt(30 nm)/TiO,(7.2 nm)

7.2 nm TiO, 2p3/2 2pl/2 Gap 7.2nm TiO, 2p3/2
Non-annealed BE(eV) BE(eV) (eV) Annealed(800 °C) BE(eV)
Ti(0) 456.8 461.5 4.7 Ti(0) —
Ti(+2) 457.8 462.3 45 Ti(+2) 457.9
Ti(+3) 458.9 465 6.1 Ti(+3) 460
Ti(+4) 459.3 464.5 5.2 Ti(+4) 459.57
O1sBE(eV) O1sBE(eV)
Lattice 531 Lattice 530.8
Non-Lattice 531.9 Non-Lattice 531.4
$i0,/Pt(30 nm)/Ti0,(40 nm)
40 nm TiO, 2p3/2 2pl/2 Gap 40 nm TiO, 2p3/2
Non-annealed BE(eV) BE(eV) (eV) Annealed(800 °C) BE(eV)
Ti(0) — — — Ti(0) —
Ti(+2) 458 462.1 4.1 Ti(+2) 457.5
Ti(+3) 458.1 463.7 5.6 Ti(4+3) 460.5
Ti(+4) 459.9 465.3 5.4 Ti(+4) 459.59
O1sBE(eV) O1sBE(eV)
Lattice 530 Lattice 530.9
Non-Lattice 531.7 Non-Lattice 532.3
Si0,/Pt(30 nm)/TiO,(80 nm)
80nm TiO, 2p3/2 2pl/2 Gap 80nmTiO, 2p3/2
Non-annealed BE(eV) BE(eV) (eV) Annealed(800 °C) BE(eV)
Ti(0) — — — Ti(0) 4544
Ti(+2) 457.5 462.2 4.7 Ti(4+2) 457.7
Ti(+3) 458.7 463.9 5.2 Ti(+3) 458.9
Ti(+4) 459.5 465.2 5.7 Ti(+4) 459.6
O1sBE(eV) O1sBE(eV)
Lattice 530.9 Lattice 530.8
Non-Lattice 531.5 Non-Lattice 531.2

2p1/2
BE(eV)

462.6

465.6
465.23

2pl/2
BE(eV)

462.2

465.8
465.29

2p1/2
BE(eV)
458.4
463.3
464
465.3

Gap
(eV)

4.7
6.6
5.66

Gap
(eV)

4.7
5.3
5.7

Gap
(eV)

5.6
5.1
5.7

to investigate the effect of film thickness on the photoluminescence properties of TiO, metal-oxide layers.
Figure 4 presents the results of Photoluminescence measurements at room temperature for different thicknesses
TiO thin film on SiO; substrate. All samples were stimulated with a 275 nm wavelength laser beam by Agilent

Cary Eclipse Fluorescence Spectrophotometer.

As shown in figure 4 the peaks of TiO, films for three different thicknesses overlap with a slight difference.
For all samples five mean peaks centered at 376 nm, 421 nm, 443 nm 487 nm and 531 nm were observed as




10P Publishing

Mater. Res. Express 10 (2023) 125901 B Ozkal etal

a) - SiO,/PH/TiO,(7.2 nm)/Pt b) SiO,/Pt/TiO,(40 nm)/Pt c) P2 SiO,/Pt/TiO,(80 nm)/Pt
s M t ° Measurement| *  Measurement
= _C§Zf,T;ZZI,e" - Calculation - —— Calculation
=- Background :2 Background : Background
& —— Peak 1 < ——Peak 1 © 4 Peak 1
- B4 = Paak 2 = P1 —— Peak 2 = | Peak 2
= P14 ,4P3 Peak 3 = Peak 3 = P1} &p3 Peak 3
= I ———Peak4 = Peak 4 = A [E=—ronrd
] RYS ——Peak 5 ] Peak § 7] /% Ps ——Peak 5
5 VTN ——Peak 6 c Peak 6 g \* [ A . *:ea:g
{ \ ——Peak 7 [ Ao { 6 p7 |—— Peal
E \ 6 P7 ” P::k 4 E | e Peak 7 -E | j | Peak 8
- \/ \ —ank® £ [ Peak 8 £ ¥} 8
11 | ——Peak 9 | A VA
A po \ \7 »
i 9 VN2
{ /XA J f\1
/] \ /A J\\ / \ BN X \

300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700
Wavelength, (nm) Wavelength, (nm) Wavelength, (nm)

Figure 5. Gaussian decompositions of photoluminescence spectra of the TiOy films at (a) 7.2 nm, (b) 40 nm, and (c) 80 nm.

similar to the results was reported by Mathew et al [71]. Among the peaks forming the spectrum, the 387 nm
wavelength is defined as excitonic emission, and the other peaks are defined as surface state emissions [72].
However, as seen in figure 4, the sub-peaks are not clearly visible, and it is very difficult to get information about
the defects-related emission. In the literature, although the defects in TiO, films have been extensively studied by
researchers, the underlying mechanisms are still not fully defined. For this reason, the source of sub-peaks and
defects should be examined in detail.

The photoluminescence spectra of the TiO, films were subjected to Gauss decomposition to determine the
luminescence properties in detail. ‘Fityk’ software was used to obtain Gaussian decomposition [73]. The
spectrum curves model in Gauss decomposition is depicted in figure 5 and fitting parameters are presented in
table 3. As seen in figure 5 the nine Gaussian decompositions of photoluminescence spectra were plotted versus
emission wavelength for different TiO, film thicknesses. These peaks have been attributed to the different
emissions; two ultraviolet emissions (Peak 1 and Peak 2), two violet emission (Peak 3 and Peak 4), two blue
emissions (Peak 5 and Peak 6), three green emissions (Peak 7, Peak 8 and Peak 9). There are two dominant
emission peaks one of which was the ultraviolet (Peaks 1 and 2) and the other the visible region (Peaks 3, 4, 5, 6, 7,
8,and9).

3.4. Electrical characterization and modelling
Initially SiO,/Pt/TiO,/Pt stacked devices are at a high resistance (~MJ2) state before the electroforming
process. In order to produce memristive behavior some amount of oxygen vacancies have to be created into the
TiO,. By applying external voltage during a definite time, required oxygen vacancy and a conduction filament
between two metal electrodes can be created and the high resistance of the devices is lowered to memristive
regime (~k(2). Figure 6(a) shows to the electroforming profile of all samples for a compliance current (I..) of 1
mA. Ata definite voltage level, the current through the device shows an abrupt increment related to the dielectric
breakdown voltage of the metal oxide in the device. Breakdown voltage is significantly affected by the thickness
of the oxide material. For the samples of SiO,/Pt/TiO,(t)/Pt with the thickness of TiO, layer such as t = 7.2 nm,
40 nm and the 80 nm, the partial breakdown voltages are observed as 1.98 V, 7.4 V and 18.6 V respectively.

In order to show that the characteristic current—voltage curve of the SiO, /Pt/TiO,/Pt memristor device in
the form of a pinched hysteresis curve, bidirectional DC voltage sweeping was carried out. Keithley 2400
SourceMeter has been used to measure the electrical current—voltage characteristic by using standard two probes
of the four-probe measurement technique. Figure 6(b) shows the typical current—voltage measurement of the
sample with 7.2 nm TiO, thickness. The current was recorded during a voltage scan with a rate of 2mV s~
between +1.5Vand —1.5 V. Positive 5 V electroforming voltage has been applied to the as-grown device during
Is. So, itis expected that the device is at low resistance state (LRS) due to the forming of filament/s. Then the
electrical connection of the device was reversed. Then we applied following voltage sequences:
0V — 5V — 0V — —5V — 0V. Therefore, characteristic current—voltage curve is clockwise. As seen in all
figures the current—voltage characteristic exhibits pinched hysteresis and asymmetric switching behavior
between low resistance state and high resistance state. By using the maximum and the minimum of the
derivative dI /dV, SET to low resistance state under negative voltage and RESET to high resistance state under
positive voltage are determined as 1.3 and 1 V respectively. The other important memristor characteristic is
Rorr/Ron ratio which is larger for large loop area. For a voltage smaller than SET and RESET voltage this ratio
has been calculated as 2 for the sample that has a thickness of 7.2 nm as seen in figure 6(b). Similarly, the other
devices have been subjected to the same measurement process. Considering to the electroforming profile given
in figure 6(a), the current was recorded during voltage scan with the rate of 2.67 mV's ' between 4+-2 V and —2 V
for the device of 40 nm TiOx active layer. The voltage was swept between +5 V and —5V for the device of 80 nm
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Table 3. Fitting parameters of PL spectrum of SiO,/Pt/TiOx (7.2 nm, 40 nm, 80 nm) thin films.

7.2nm 40nm 80 nm Emission

Peak label range

Peak

FWHM Peak Peak cen- Peak Peak Peak cen- Peak Peak Peak cen-

(nm) Peak height area (a.u) ter (eV) FWHM (nm) Peak height area (a.u) ter (eV) FWHM (nm) Peak height area (a.u) ter (eV) —
Peak 1 (389.195 nm) 0.15 76.516 12.2173 3.4200 0.14843 76.8484 12.1419 3.422 0.157509 80.038 13.4194 3.4142 Ultraviolet
Peak 2 (401.51 nm) 0.132 103.303 14.5151 3.3008 0.133631 95.6798 13.6101 3.3024 0.118876 86.4934 0.9448 3.2969 Ultraviolet
Peak 3 (415.02 nm) 0.3 79.1009 25.2601 3.1453 0.289239 77.4981 23.8606 3.1490 0.314481 79.4709 26.6032 3.1566 Violet
Peak 4 (451.33 nm) 0.144 77.8462 11.9325 2.9388 0.15 80.0712 12.785 2.9356 0.15 77.735 12.412 2.9317 Violet
Peak 5 (467.94 nm) 0.16 62.3134 10.6129 2.7762 0.12 51.4907 6.57722 2.7910 0.123654 56.8598 7.4842 2.7817 Blue
Peak 6 (580.97 nm) 0.09 27.4445 2.62924 2.6678 0.12771 421717 5.73296 2.6874 0.0992166 37.4046 3.9504 2.6806 Blue
Peak 7 (619.18 nm) 0.13 47.6399 6.59244 2.5426 0.13 45.0476 6.23372 2.5447 0.136474 45.0815 6.5491 2.5509 Green
Peak 8 (651.08 nm) 0.198 36.2873 7.64807 2.3310 0.2 35.1493 7.48304 2.3351 0.183915 31.6234 6.19094 2.3417 Green
Peak 9 (669.35 nm) 0.24392 8.53586 2.21629 2.0912 0.21855 8.21836 1.91191 2.1333 0.307902 8.1779 2.68032 2.1640 Green
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Figure 6. Current—Voltage (I-V) characteristics of the samples. A compliance current of 1 mA is supplied to avoid the breakdown. (a)
Forming profile for all devices (b) The I-V curve for the SET and RESET transition for the device of 7.2 nm TiO, active layer, (c) for the
device of 40 nm TiOj active layer, (d) for the device of 80 nm TiOj active layer. After applying positive electroforming, initially the
device is ON state. Then the polarity of the samples was changed. During the first cycle of the sweeping between =+ voltage, the device is
ina Low Resistance State (LRS). At a critical positive voltage, the device change from LRS to HRS which is known as the RESET
process.

TiOx active layer. Resultant current—voltage characteristics for both samples are given in figures 6(c) and (d). In
resistive switching phenomena the variability and reliability of the devices are realized with an endurance test. In
characteristic current—voltage measurements the initial endurance of the memristor device has been measured
with very high data and drawn only 8 cycles. After eight cycles of measurements the SET voltage is more stable
with respect to the RESET voltage. Additionally, the pinched hysteresis loop of the device was observed under
AC test with a sinusoidal signal which has an amplitude of 5V and a frequency of 1.6 kHz for one hour. The stable
shape of the loop during this measurement is given as an inset figure in figure 7(b).

We have also investigated to the memristive properties of the SiO,/Pt/TiO, (40 nm)/Mo sample with DC
and AC electrical measurement protocol. The DC measurement has been executed using a Keithley 2400 source-
meter at room temperature by DC voltage sweeping between +2V and —2V. Molybdenum (Mo) wire has been
utilized as the top electrode while Pt has been used as the bottom electrode for both AC and DC measurement
and results are presented in figure 7. Initially, the negative terminal of the external voltage source was connected
to the bottom Pt electrode. The measured current values for this sample are lower than the other samples in
which Pt thin film is used as the bottom and top electrodes. Also, the loop area of the positive half cycle of the
whole hysteresis measurement (Reset switching) is lower than the second half cycle (Set switching). This result
has been attributed to the absorption of oxygen ions by the electrochemically active molybdenum electrode [74].
After seven cycle measurements, the SET voltage is more stable with respect to the RESET voltage.

To observe the effect of different electrodes, the molybdenum tip of the measurement system has been used
asatop electrode. Then SiO,/Pt/TiO, (40 nm)/Mo memristor device was swept with a sinusoidal voltage which
has an amplitude of 5V and a frequency of 1.6 kHz. Sinusoidal voltage has been applied by an arbitrary function
generator and the current was monitored over a shunt resistor of 1{2. Experimental setup and measured I-V
curve are presented in figure 7(b). In characteristic current—voltage measurements the initial endurance of the
memristor device has been measured with very high data and drawn only 8 cycles. After eight cycles of
measurements the SET voltage is more stable with respect to the RESET voltage. Additionally, the pinched
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Figure 7. (a) Current—Voltage (I-V) characteristics of the SiO,/Pt/TiO,(40 nm)/Mo(wire) samples under DC swept. The graph isin
logarithmic scale and the inset shows the linear scale. (b) Observed I-V curve on an oscilloscope (OSC). A sinusoidal voltage with an
amplitude of 5V and a frequency of 1.6 kHz was applied, and the current was monitored over a shunt resistor of 1.

hysteresis loop of the device was observed under AC test with a sinusoidal signal for one hour. The stable shape of
the loop during this measurement is given as the inset figure in figure 7(b).

Many memristor devices with different materials and different structures have been investigated due to the
increasing interest in the memristive device in the CMOS circuit design [6—8], RAM technology [9, 10] and
artificial neural networks [11-15]. Each device has its own memristor characteristic depending on the
fabrication technique and structural properties. Therefore, to explain the current—voltage behavior of various
memristor devices different mathematical and physical memristor models have been developed. The
generalized memristor model [32] based on the other mathematical and physical model have been used to
simulate the I-V curve in literature more accurately and it is possible to extract the memristor parameters. The
current—voltage relationship based on the quantum tunneling effect in Metal-Insulator-Metal (MIM) junctions
proposed by Simmons [33] can be parameterized with a hyperbolic sine function. This relationship is given as

i) = {m x(t) sinh(BV (1), V(1) =0 m
a, x(t) sinh(bV (), V(t) <0

Due to the nature of the hyperbolic sine function and the increment in the conductivity of the metal oxide, the
current increases at a certain threshold voltage value. The parameters b, 4; and a, are used to fitequation (1). Itis
known from the various memristive device characteristics in the literature that the memristor device’s
conductivity is higher in the positive voltage region than in the negative region. Therefore, it is understood that
different amplitudes of 4; and a, are required depending on the polarity of the applied voltage. Similarly, the
parameter b is related to the memristor device’s conductivity (the slope of the I-V curve). The HP memristor
model [2] is the basis for all proposed memristor models. The position of the boundary between the conductive
region (Ti0,_,) with excess of oxygen vacancies and the insulating region (TiO,) is named the state variable
(x(t) = w(t)/D). This boundary region moves with the applied voltage V (t). As it moves, the memristor
device’s resistance decreases from its maximum value to its minimum value. Therefore, the shape of the [-V
curve (especially the slope) depends on the state variable and its dynamic. Unlike the other models, Yakopcic
proposed the following equations for the dynamics of the state variable [32].

d
d—’: =n gV (x(®) ©)
Ap(e"® — e%), V() >V,
gV =1—A e VO — %), V(D) < —V, 3)
0, V<V <V,
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Figure 8. Simulation results of the generalized memristor model [32] adapted to the I-V characteristics profile of the memristive
device of Si/SiO,/Pt/TiO, (t = 7.2 nm, 40 nm, 80 nm)/Pt. Inset figures show the applied voltage for 30 s and the calculated current.
Solid red circle shows experimental data and the black line shows the fitting results.

e—(yp(X*xp) Wp(x, xP)> X 2 xp
X) = 4
f(x) { 1, x < X, (€]
f(x) = ea"(x+xﬂ71) Wn(x) xn)’ X < 1= Xn (5)
1, x>1-— Xn

7 is the polarity of the applied potential and it takes +1 or —1 depending on the direction of the current. The
normalized state variable takes the value of 0 at the highest resistance value and 1 at the lowest resistance value,
and directly determines the conductance of the memristor device. The state variable depends on two functions
g(V(t))and f (x(t)). The function g(V (¢)) is entirely dependent on the application of a threshold voltage, and
aslong as the threshold voltage value is not exceeded, there is no change in the state variable. This dependence is
clearly seen in many experimental data published in the literature [75-81]. In fact, this is the case for memristor
devices with low ion mobility. Proposing two different threshold voltages in the negative and positive regions of
the I-V curve provides an advantage in fitting the experimental curve. In addition, since the positive threshold
voltage (V) and negative threshold voltage (V},) values are constants within equation (3), each threshold value
ensures that g(V(t)) starts from 0 when it is exceeded. The magnitude of the exponential terms (A, and A,)
determines how fast the state changes when the threshold values are exceeded. The second function f (x(¥))
provides nonlinear ion movement. While the state variable accelerates/slowdowns almost linearly in the middle
regions of the memristor device, the movement of positively charged dopant ions or oxygen vacancies near the
metal electrode is quite difficult (due to the electric field created by the charges accumulating at the boundary in
the opposite direction to the applied electric field). Therefore, the function f (x(t)) ensures that the state variable
does not change below certain threshold values but decreases exponentially by a factor of v, and cv, when the
boundary is reached. Like the threshold voltage, two different functions can be written for both positive and
negative regions depending on the polarity of the applied voltage. The functions w, and w;, in equations (4) and
(5) are clearly window functions. When x () = 1, the state variable is guaranteed to be zero and x does not take
negative values when the current direction changes.

Xp— X
wy(x, xp) = - +1 (5a)
—Xp
x
Wy (%, Xp) = . (6)
- An

The generalized memristor model described above is a general model that physically includes the electron tunnel
barrier, threshold voltage, and nonlinear drift model. The shape of the I-V curve is represented by the hyperbolic
sine function, which is a result of the quantum tunneling effect in the MIM structure, called the ‘Hyperbolic Sine
Model’ [30]. The TEAM model [29] ensures that there is no significant change in the memristor device’s
resistance without exceeding a certain threshold voltage. Finally, the ‘Nonlinear Drift’ [2] model is combined
with the dynamics of the state variable, which is terminated when the device approaches its limits (minimum
and maximum resistance state). The experimental I-V curve of the single cell memristor device in the form of
Si/Si0,/Pt/TiO, /Pt given in figures 6(b)—(d) were simulated by using the generalized memristor model and the
results are presented in figure 8 and table 4. In simulations, all devices were subjected to the triangular voltage
during 30 s and the current was calculated by using equation (1). The physical meaning of the parameters is given
in [32].
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Table 4. Fitting parameters of the simulation of experimental current—voltage curves.

B Ozkal et al

Parameters
Si0,/Pt/TiO,/Pt @ Vp Ay Xp ap b Xo
a Vn An Xn Qy
TiO, (7.2 nm) 0.9 1.25 50 0.51 1 0.033 0.38
1.0 1.0 50 0.51 250
TiOy (40 nm) 1.3 0.5 50 0.51 1 0.033 0.38
1.3 1.0 100 0.51 5
TiO4 (80 nm) 0.007 4.5 0.1 0.9 1000 0.585 0.6
0.003 4.8 1 0.01 12

4. Conclusions

In conclusion, the structural characteristics of SiO,/Pt/TiO,/Pt metal-insulator-metal (MIM) and
Si0O,/Pt/TiO,/Mo(wire) layered thin film have been investigated by XRR, XPS and PL techniques. X-ray
photoelectron spectroscopy and the photoluminescence measurements confirmed to the Ti** and oxygen-
related defects in the memristor device fabricated by using Pulsed Laser Deposition. Resistive switching
properties of the devices with the TiOx layers of thickness of the 7.2 nm and 40 nm show bipolar digital
switching behavior with the ratio of Ropg/Ron ~2 and 6 respectively. This type of switching behavior is
applicable to random access memory. However, for the sample with the TiO, layer thicknesses of 80 nm shows
bipolar analog switching behavior related to the low vacancy concentration compared to the thickness of the
whole sample. Simulation results of the experimental current—voltage curve of the devices are going to be used
for the fabrication of next generation of the device with suitable parameters such as threshold voltage, low power
consumption and low SET/RESET voltages.
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