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Abstract: In the present work, the hydrothermal approach is employed to develop 1D-TiO2
nanorod array memristive devices and studied the effect of hydrothermal growth
temperature on TiO2 memristive devices. X-ray diffraction (XRD) analysis suggested that
the rutile phase is dominant in the developed TiO2 nanorod array. Field emission scanning
electron microscopy (FESEM) images show well adherent and pinhole free one
dimensional (1D) TiO2 nanorods. The presence of titanium and oxygen in all the samples
was confirmed by energy dispersive X-ray spectroscopy (EDS). Furthermore, growth of the
1D TiO2 nanorods depends on the growth temperature and uniform growth is observed at
the higher growth temperatures. The well-known memristive hysteresis loop is observed
in the TiO2 nanorod thin films. Furthermore, resistive switching voltages, the shape of I-V
loops and (non)rectifying behavior changed as the growth temperature varied from 140 °C
to 170 °C. The biological synapse properties such as paired-pulse facilitation and short-
term depression are observed in some devices. The detailed electrical characterizations
suggested that the developed devices show doubled valued charge-magnetic flux
characteristic and charge transportation is due to the Ohmic and space charge limited

current.

Keywords: Memristive device; TiO2; Nanorods; Hydrothermal method; Resistive
switching; Neuromorphic computing.



1. Introduction

In the era of big data analytics and artificial intelligence, extensive research in the
field of new kinds of solid state memory devices and computing architectures is need of the
hour. The conventional computer architecture shows the performance limitation due to the
von Neumann bottleneck [1]. Along with the computer architecture, the basic building
block of conventional memory and processing units are also not performing well in many
areas such as footprint, speed and power consumption [2]. In order to achieve the future
exascale computing capabilities, the basic building blocks of the conventional memory and
processing unit need to be redefined. There are many possible solutions emerging in recent
years to improve the performance metrics of computing systems. The brain-inspired
neuromorphic computing architecture [3] and in-memory computing architecture [4-5] are
two examples. Recently, the memristive device has emerged as a potential candidate to
replace the flash-based memories [6-7] and also work as a basic building block for
neuromorphic computing applications [8-9]. Furthermore, it can also be used for the in-
memory computing architecture [10-11].

The memristor is popularly termed as the fourth fundamental circuit element along
with the resistor, inductor and capacitor. It was theorized in 1971 by L. Chua [12] and
experimentally demonstrated by HP lab in 2008, considering the dynamics of the oxygen
vacancies as a state variable of a Pt/TiOz/Pt nanodevice [13]. The experimental realization
of memristor by HP lab is based on the resistive switching effect in Pt/TiO2/Pt structure.
The resistive switching effect in the metal-insulator-metal structure is well known to the
scientific community, however, HP team took the brave step to correlate the resistive
switching loop and memristor pinched hysteresis loop by the help of state variable 'w' [13].
On the other hand, the memristor reported by HP lab is not an ideal memristor but subclass
memristive devices [14], as defined by Chua and Kang in 1976 [15]. In view of this, it is
better to call TiO:z resistive switch as a memristive device rather than memristor. In recent
years, many materials were explored for the development of memristive devices after the
landmark publication of the HP research group. These materials include, but are not limited
to metal oxides [16], chalcogenides [17], polymers [18] and ferrites [19]. The metal oxides
are a popular choice to develop the functional memristive devices. Among many metal

oxide materials, TiO2z is a potential material to fabricate two terminal memristive devices.
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This is due to fact that the TiO2 based memristive device has a simple device structure,
requires low power for operation, has good endurance and retention properties, and has
CMOS compatibility [20].

The active layer of memristive devices can be developed using different physical
deposition techniques. However, high processing cost and controlled environment make
the physical deposition techniques unsuitable for the development of low-cost memristive
and other electronic devices [21-26]. The literature survey reveals that the limited number
of attempts were undertaken to develop a TiO2 memristive device using low-cost solution
processable techniques [27-31]. There have been many reports involving the use of
nanorods in resistive switching devices, however, the effect of growth temperature was not
studied systematically. In view of this, the present investigation deals with the
development TiO2 nanorod array memristive device using the low-cost hydrothermal
method. In order to check the effect of growth temperature, the TiO2 nanorod thin film
memristive devices were developed at different growth temperatures such as 140, 150,
160 and 170 °C. The structural, morphological, and electrical characterizations were
carried out in order to check the suitability of the developed devices for memory and

computing application.

2. Experimental
2.1. Material and method

All chemicals used for the synthesis of a TiO2 thin film were of analytical reagent
grade and used without further purification. Here, a titanium isopropoxide (TTIP,
C12H2804Ti, 98% spectrochem) was used as titanium precursor. In order to maintain the
acidic condition of a reaction solution, concentrated hydrochloric acid (HCIl, 36%, Thomas
Baker) was used. The conducting fluorine doped tin oxide (FTO) was used as a starting
substrate for the deposition of the TiO2 thin film. The FTO substrates were cleaned
ultrasonically with the help of ultrasonic bath sonicator and finally rinsed with the acetone.
The crystal structure and phase identification were determined by X-ray diffraction (XRD)
technique (Brucker AXS D8 model). The morphology and composition of all the deposited
thin films were studied by field emission scanning electron microscopy (FESEM) equipped

with energy dispersive X-ray spectroscopic (EDS) analyzer.
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2.2. Deposition of TiO2 thin films

The TiO2 thin films were deposited by using a single step hydrothermal method. In a
typical synthesis of a TiOz thin film, 1:1 volume of double distilled water and concentrated
HCI were taken. To this solution, 0.5 mL of TTIP solution was added and the solution was
stirred for 30 min using a magnetic stirrer. The resulting clear and transparent solution
was transferred into a Teflon lined autoclave with a 50 mL capacity. The FTO substrate was
immersed in the reaction solution. The autoclave was sealed and placed in a hot air oven at
140 °C for 3 h. After cooling the autoclave to room temperature, the TiOz thin film was
washed several times with deionized water. Furthermore, the developed films were
annealed for 3 h at 350 °C in a hot air oven. The final film was abbreviated as T1. The above
procedure was repeated for the 150, 160 and 170 °C and corresponding thin films were
abbreviated as T2, T3, and T4 respectively. The preparative parameters for the deposition
of TiOz thin films are given Table 1. In the present work, the reaction time was kept
constant and temperature of the reaction bath (autoclave) was varied from 140 °C to 170
°C. The reaction temperature plays a key role in the growth mechanism of the TiO2 thin film
and the reaction temperature changes affect the thin film growth rate. In a typical synthesis
of the TiO2 thin film using the hydrothermal method, the high temperature and pressure
were created using an autoclave. In view of this, the growth of TiO2 thin film takes place by
the process of heterogeneous nucleation [32-34]. In the present investigation, TTIP was
used as a precursor of titanium and concentrated HCl was used to maintain the acidic
conditions of reaction. The possible reaction occurs as follows, [35]
Ti(OR)4 +4H20 — Ti(OH)4 + 4ROH (hydrolysis) (D
Ti(OH)4 —  TiO2 + 2 H20 (condensation) (2)

2.3. Development of Ag/TiO2/FTO thin film memristive device

The low-cost hydrothermal method was employed to synthesize TiO2 thin films,
which work as active layers in the memristive devices. The present memristive devices
consist of three layers i.e. a top silver (Ag) layer, middle TiO2 layer and bottom FTO layer.
The Ag layer was patterned by vacuum deposition technique. All electrical measurements
were carried out with the help of electrochemical workstation (Autolab N-Series). During

all electrical measurements, the top Ag electrode was biased while bottom FTO electrode
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was grounded. The current-voltage (I-V) characteristic of developed devices was recorded
by applying the appropriate SET and RESET voltages across the devices. Furthermore, the
scan rate was increased from 100 mV/s to 500 mV/s in order to investigate the synaptic

weight-like characteristics.

3. Result and Discussion

XRD was carried out in order to confirm the crystal structure of the deposited thin
films. XRD measurements of developed thin films are shown in Fig. 1. The peaks observed
in the XRD at 20 are 25.62°, 32.26°, 36.25°, 39.44°, 49.72°, 53.26°, 59.63° and 64.61° which
are assigned to (110), (101), (200), (111), (211), (220), (002) and (310) planes
respectively. XRD data are well matches with the rutile phase of the TiO2, which confirms
the tetragonal crystal structure (JCPDS card no. 88-1175). XRD patterns exhibited strong
diffraction peaks at 25.62° 32.26° and 49.72° indicating TiO2 in the rutile phase. The

crystallite size (D) is calculated using the well-known Debye-Scherrer equation,

092
b= Bcos® (3)

where D is crystallite size, A represents the X-ray wavelength, § is the line broadening at
full width half maximum and © represents the Bragg's angle. The calculated values for the
crystallite size are 14.96 nm (T1), 21.65 nm (T2), 21.32 nm (T3) and 15.21 nm (T4)
respectively. It is observed that the peak intensity of the diffraction pattern increases with
increase in the crystallite size and peaks become wider for smaller crystallite size. The

microstrain (&) and dislocation density (§) were calculated by the following equations,

cos 6
o _ Beos®

° (4)
§=— (5)

The calculated values for the crystallite size, microstrain and dislocation density are
summarized in Table 2. It is observed that the crystallite size becomes higher at moderate
temperature (150 and 160 °C) and becomes lower at 140 and 170 °C. In addition, the
microstrain and dislocation density parameters are found to be lower at moderate

temperature and become higher for other temperatures. The morphology of the TiO2 thin
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films is observed with the help of FESEM, as shown in Fig. 2. All FESEM images show the
presence of well adherent, pinhole-free one dimensional (1D) TiO2nanorods. The FESEM
images reveal that 1D TiO2 nanorods uniformly cover the entire surface of the films. In the
present work, the growth temperature is varied from 140 °C to 170 °C which results in the
morphological transition. In the case of sample T1, the nanorods are not completely grown
and they were oriented in random directions. As the temperature of the deposition
increases, the TiO2 nanorods show good growth and 1D nanostructure. The well-grown 1D
TiO2 nanorods provide a higher surface area than their compact thin film counterpart [36].
The electron mobility was calculated using the Mott-Gurney square law and it was found to
be 8.32 x 106, 5.25 x 10>, 1.30 x 104 and 3.88 x 10> cm?2V-1s-1 for T1 to T4 devices,
respectively. The well-grown 1D-TiO2 nanorods devices (T3, T2) shows higher electron
mobility than other devices. In view of this, well grown 1D nanorod structure provides
excellent charge transport capability which is beneficial for the high-speed nanoelectronic
devices [37-38]. The quantitative compositional analysis of T1, T2, T3 and T4 samples was
carried out using EDS. The EDS spectra are shown in Fig. 3. The presence of titanium and
oxygen in all the samples was confirmed by EDS. The observed atomic percentage of both
the elements are in good agreement with an expected atomic percentage but not in the
stoichiometric form. The non-stoichiometry of TiO2 is may be due to tiny fluctuation in the
hydrothermal and annealing conditions. The EDS spectra show two strong peaks at 4.50
and 0.52 keV for titanium and oxygen, respectively. The peaks observed at 4.50 and 5 keV
are attributed to the Ti K« and Ti Kp lines, respectively. It is observed that the oxygen
content slightly decreases as the hydrothermal growth temperature increases from 140 °C
to 170 °C. The decrease in the oxygen content is due to the out-diffusion of oxygen during
the higher growth temperature [39]. There is no trace of any other impurities in the
developed thin films within the detection limit of EDS.

The pinched hysteresis loop in the current-voltage (I-V) plane and nonlinear charge-
magnetic flux (q-¢@) relations are the basic criteria for the identification of the ideal
memristor device. In many instances, the ideal memristor characteristics are not observed
and these non-ideal devices are called extended memristor devices or memristive devices
[40]. In Fig. 4, the I-V characteristics of Ag/TiO2/FTO thin film devices developed using the
hydrothermal technique at different growth temperatures (140 to 170 °C). The well-known
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hysteresis loop is clearly observed for all devices. This indicates that the developed devices
behave like memristive devices. It is observed that the resistive switching voltages and
shape of the I-V loops change as the growth temperature varied from 140 to 170 °C. In
general, the active layer size increases as the growth temperature increases in the
case of hydrothermally synthesized TiO2 thin film [41] and, therefore, corresponding
resistive switching voltages also increase [42-43]. Thus, the thicker active layer devices
need to create sufficiently larger conductive filaments and, therefore, higher resistive
switching voltages (Vser and Vreser) are required to create and break the conductive
filament. On the other hand, lower resistive switching voltages can easily produce and
rupture the conductive filament in the case of thin active layer memristive device.
Furthermore, two distinct [-V hysteresis shapes are observed for the developed memristive
devices. It is interesting to note that the T1 and T4 devices show the rectifying property or
Schottky diode-like behavior. The rectifying behavior vanishes in the case of T2 and T3
devices. Furthermore, the area under lower loop (second quadrant) increases as the
deposition temperature increases from 140 °C to 160°C and decreases for the remaining
case (170 °C). The observed rectifying behavior of Ag/TiO2/FTO memristive devices may
be due to the different concentration of oxygen vacancies which change the Schottky
contact resistance at the Ag/TiOz interfaces and difference in the work function of the TiO2
active layer and top Ag electrode [44-45]. In addition to this, the T1 and T4 devices show
the non-stoichiometric atomic percentage of titanium and oxygen in the sample. It is
observed that the atomic percentage of oxygen becomes higher for T1 device whereas it
becomes lower for T4 device. Such kind of non-stoichiometry may be responsible for the
rectifying [-V characteristics. It is interesting to note that the slight change in the oxygen
percentage results in the different I-V characteristics. The dislocation density is an
important factor in resistive switching which gives rise to pipe diffusion and modifies the
local oxygen content through external stimulus [46]. In the present case, rectifying
behavior is observed for higher dislocation density devices and non-rectifying behavior is
observed for lower dislocation density devices. There is no correlation observed between
dislocation density and current through the devices. These results suggest that the growth-
temperature-dependent I-V characteristics of Ti02 memristive devices can be useful for the

development of reconfigurable nano-devices for memory and logic applications [47-48].
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To check the suitability of developed memristive devices for neuromorphic
computing application, the scan rate is varied from 100 to 500 mV/s. The scan rate
dependent I-V characteristics of the devices are shown in Fig. 5. The scan rate dependent
study reveals that the current i(t) of the developed memristive devices can be modulated
by varying the scan rate. In other words, the resistance of the devices can be changed by
adopting scan rate variation strategy. Such kind of behaviour is important for the
development of electronic synapse devices for neuromorphic computing applications. The
aim of the electronic synapse is to mimic the functionality of a biological synapse. The
biological synapse is a junction between a pre-synaptic neuron and a post-synaptic neuron
and it is responsible for the learning as well as memory [1]. The learning and memory
characteristics can be achieved by modulating the synaptic weights. The synaptic weight
(SW) like behavior (maximum current i(t) at SET and RESET voltages) of Ag/TiO2/FTO thin
film memristive devices at positive and negative bias region is shown in Fig. 6 (a and b),
respectively. The incremental SW like behaviour is observed for T1 device whereas T2
device shows decrease in the SWs in both bias regions. On the other hand, the strengths of
the SWs are not improved for the T3 and T4 devices as the scan rate varied from 100 mV/s
to 500 mV/s in the positive bias region. In the negative bias, T3 device does not show any
improvement, however, the T4 device shows improvement in the SWs. The SW increase
may be due to the local conductive filaments formation along with the original filament
which results in increased local current density [49]. On the other hand, dissimilar oxygen
vacancies density near the Ag/TiO: interface and stochastic formation and breaking of the
conductive filament may be responsible for the decrease in the SWs in some devices. In the
neurobiological terms, the improvements in the SWs are called paired-pulse facilitation and
a decrease in the SWs are called short-term depression. The combined effect of facilitation
and depression leads to the short-term synaptic plasticity [49]. In the present case, the T1
device shows the paired-pulse facilitation like characteristics while T2 device shows the
short-term depression like characteristics. The short-term synaptic plasticity is similar to
accumulator register found in the computing systems which store the intermediate results
of arithmetic and logic operations. The short-term synaptic plasticity enhances the neural

networks dynamics and provides new dimensions to the information processing. In view of



this, the hydrothermally synthesized TiO2 memristive device is a potential candidate for the
development of electronic synapse for neuromorphic computing application.

The ideal memristor device is a two-terminal circuit element and it must show
passivity in the I-V plane and nonlinearity in the charge and magnetic flux plane [12, 40].
The passivity corresponds to pinched hysteresis loop in I-V plane i.e. current should be
zero at the origin (0V). The definition of an ideal memristor suggested that the q-¢
characteristics should be always single-valued and nonlinear. However, practical devices
possess double valued g-¢ nonlinear characteristics [50-51]. The extended class of these
devices is termed as memristive devices [40]. In order to check the devices developed in
this work are either memristor or memristive, we have calculated the g-¢ characteristic
with the help of experimental time-dependent I-V characteristics. The following equations

6 and 7 are employed to calculate the g-¢ characteristics [51]:

q(®) = [ i(t)dt (6)
o) = [ v(®)dt (7)

The time domain charge, time domain magnetic flux and charge-magnetic flux
behavior of T1 to T4 memristive devices are shown in Fig. 7 (a to c), respectively. The
dotted arrow indicates the transition of the device from high resistance state (HRS) to low
resistance state (LRS) and vice versa. The initial, half-period, final-period and turning
points are labeled as A1, Becw, A2, and ng, respectively. The CW represents the clockwise
nature of the input stimulus.

The T3 memristive device shows the higher charge magnitude and T1 device shows
the lower charge magnitude compared to other devices, as shown in Fig. 7 (a). This is due
to fact that the T3 device possesses a higher hysteresis area and the T2 device has a lower
hysteresis area than the other devices. It is interesting to note that every device shows the
asymmetric time domain charge behavior i.e. initial charge values (A1) and final charge
values (Az) are different. In other words, the oxygen vacancy distribution density may be
changed after the resistive switching process completion. Furthermore, half-period points
of all memristive devices are not identical which suggested that the hysteresis loop nature

of all devices is different from each other. By looking at the time domain charge behavior,
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one can simply predict the symmetric and asymmetric nature of the hysteresis loop.
Furthermore, the HRS/LRS ratio is termed the memory window and it can be correlated
with the device reliability [52]. A higher memory window provides immunity to noise and
leads to less read-write errors in the memory architecture. In the present case, the ratio of
Az (HRS) and Bcw (LRS) can be termed as the memory window. In view of this, T2 and T3
devices show the higher memory window than other devices and they can be more reliable
for memory applications. The time domain magnetic flux behavior of the devices is shown
in Fig. 7 (b). It is observed that the developed devices show the symmetric time domain flux
characteristics in the -t plane. This is due to fact that the symmetric SET and RESET
voltages are applied to each device (only difference is the polarity). Furthermore, the
magnitude of the flux increases as the growth temperature increases from 140 °C to 170 °C
(T1 to T4 device). The increase in the flux is due to the increase in the resistive switching
voltages (Vser and Vreser). From this result, one can conclude that the application of the
symmetric resistive switching voltages leads to the symmetric ¢-t characteristics and
application of asymmetric resistive switching voltages results in the asymmetric -t
characteristics. Furthermore, higher resistive switching voltages can create the higher
magnetic flux magnitude. The charge-magnetic flux characteristic of T1 to T4 memristive
devices is shown in Fig. 7 (c). Unlike the ideal memristor characteristics, the developed
devices show the doubled valued charge-magnetic flux characteristic. This result further
confirms that the developed devices are non-ideal memristor devices or memristive
devices. The observed double valued charge-magnetic flux characteristic may be due to the
asymmetric nature of the pinched hysteresis loop. The T2 device shows the quasi-
symmetric [-V characteristics hence the charge-magnetic flux characteristic approaches a
single-valued curve. On the other hand, other devices show highly asymmetric [-V
hysteresis loops hence the double-valued charge-magnetic flux characteristic will be their
intrinsic property. It is found that the turning points (BY,y) of the devices are dependent on
the applied flux or resistive switching voltages and increases as the growth temperature
increases from 140 °C to 170 °C (T1 to T4 device). The results suggest that the single-
valued charge-magnetic flux characteristic can be obtained by symmetric I-V hysteresis

loop.
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The conduction mechanisms of the memristive devices can be obtained by the
plotting the I-V characteristics on a log-log scale and calculating slopes in the low and high
voltage regions. Figs. 8 and 9 represents the double logarithmic I-V characteristics of the
memristive devices in the positive and negative bias regions, respectively. In the low
voltage region (0 to 0.1 V), the slopes of T1 and T2 devices are found to be ~1 for positive
as well as negative biases. This indicates that the current is directly proportional to the
applied voltage. In view of this, Ohmic conduction dominates in the low voltage region for
both positive and negative biases for T1 and T2 memristive devices. The slopes of the T3
and T4 devices in the positive bias region (V < 0.1 V) are found to be very low. This
indicates that the current of the devices increases very slowly during lower voltage range
(V <0.1V) and follows non-Ohmic conduction mechanism. The shifting of the I-V crossing
in the first quadrant proves the coexistence of memristive and parasitic memcapacitive
behavior for the T3 and T4 devices, as shown in Fig. 8 [53]. In addition to this, the I-V
crossing locations of T3 and T4 devices are shifted in the third quadrant which results in
the coexistence of memristive and parasitic meminductive properties in the same device, as
shown in Fig. 9 (c and d) [53]. However, the slopes of the T3 and T4 devices in the negative
bias region are greater than in the positive bias region, which suggests that the parasitic
meminductive property is lower than the parasitic memcapacitive property. Furthermore,
the crossing locations of the T3 and T4 devices in the negative bias region are closer to zero
than in the positive bias region. These results suggest that the quasi-Ohmic conduction
mechanism is dominant in the negative bias region. The non-zero I-V crossing location
suggests that the T3 and T4 devices are active memristive devices [54-55]. On the other
hand, the exact zero I-V crossing suggests that the T1 and T2 devices are passive
memristive devices [12]. In the high voltage region (V > 0.1 V), the slope magnitude is
found to be greater than 1 for all devices. This suggests that the currents of all devices are
abruptly increasing as a function of applied voltages. This behavior matches well with the
space charge limited current (SCLC) model, when the device current is proportional to the
square of applied voltage [56]. The above results suggest that the T1 and T2 devices can be
termed as passive memristive devices, whereas T3 and T4 devices can be considered as
active memristive devices. Furthermore, an Ohmic conduction mechanism is dominant in

the low voltage region (V < 0.1 V) of parasitic element free memristive devices and a SCLC
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conduction mechanism dominates the high voltage region (V > 0.1 V). We are extending
this work to develop the TiO2 nanorod based electronic synapse device for neuromorphic

computing application.

4. Conclusions

In conclusion, we have successfully developed TiO2 memristive devices using a
simple and cost-effective hydrothermal method and studied the effect of growth
temperature on structural, morphological and electrical properties of the TiO2 nanorod
array memristive devices. XRD studies suggested that the rutile phase is dominant in the
developed TiO2 nanorod array (crystallite size ~ 14 nm to 22 nm). FESEM results suggested
that the developed TiO:2 thin films possess a well adherent and pinhole free one
dimensional (1D) nanorod structure. Furthermore, the 1D TiO2 nanorods uniformly
covered the entire surface and such kind of nanostructure provides a higher surface area
with excellent charge transport capability. It is observed that the growth of the 1D TiO2
nanorods depends on the growth temperature and uniform growth is observed at higher
temperatures (160 °C and 170 °C). Bipolar resistive switching with the well-known
memristive hysteresis loop is observed in the TiO2 nanorod array. The resistive switching
voltages, nature of I-V loops and (non)rectifying behavior are modified as a function of
growth temperature. The results suggested that different concentration of oxygen
vacancies at the Ag/TiO:2 interfaces and non-stoichiometric atomic percentage of titanium
and oxygen results in the rectifying [-V characteristics. The scan rate variation studies
suggest that the T1 and T2 devices can be used to develop an electronic synapse for
mimicking the biological synapse characteristics such as paired-pulse facilitation and
short-term depression, respectively. The detailed electrical characterizations suggested
that the developed devices show doubled valued charge-magnetic flux characteristic and

charge transportation is due to the Ohmic and space charge limited current.
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Table 1: Preparative parameters for the deposition of TiO2 thin films

Sample Code Bath Composition Deposition Time
Temperature (°C) (hours)

T1 140

0.5 mL TTIP+ equal
T2 150

Volume of D/w and 3
T3 160

Conc. HCI

T4 170
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Table 2: Crystallite size, microstrain and dislocation density of TiOz thin films

Dislocation
Crystallite Size Microstrain X 10-3
Sample Code Density X 10-3
(nm) (line-2 m#)
(nm?)
T1 14.96 2.315 4.46
T2 21.65 1.608 2.13
T3 21.32 1.609 2.20
T4 15.21 2.240 4.32
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Fig. 1: XRD pattern of (a) T1, (b) T2, (c¢) T3 and (d) T4 TiO2z thin films, developed at
different deposition temperature (140 °C to 170 °C with step size 10 °C, respectively)

Fig. 2: Low and high magnification FESEM images of (a) T1, (b) T2, (c) T3, and (d) T4 TiO2
thin films.

Fig. 3: EDS spectra of (a) T1, (b) T2, (c) T3, and (d) T4 TiOz2 thin films. Inset shown in all
figures represent the atomic percentage of Titanium (Ti) and Oxygen (O).

Fig. 4: I-V characteristics of Ag/TiO2/FTO thin film memristive devices developed at (a)
140 °C, (b) 150 °C, (c) 160 °C, and (d) 170 °C hydrothermal deposition temperature. The
deposition temperature dependent hysteresis loop is clearly observed in the memristive
devices. The direction of resistive switching is indicated by the arrows and insets
represented the Schottky diode-like behavior.

Fig. 5: Scan rate dependent I-V characteristics of (a) T1, (b) T2, (c) T3, and (d) T4 thin film
memristive devices. The scan rate is varied from 100 mV/s to 500 mV/s to investigate the
possible synaptic weight like behavior.

Fig. 6: Synaptic weight (SW) like the behavior of Ag/TiO2/FTO thin film memristive devices
at (a) positive and (b) negative bias.

Fig. 7: (a) Time domain charge, (b) Time domain magnetic flux and (c) Charge-magnetic
flux behavior of T1 to T4 memristive devices. The dotted arrows represent the HRS to LRS
and LRS to HRS transition.

Fig. 8: Double logarithmic I-V characteristics of (a) T1, (b) T2, (c) T3, and (d) T4 devices in
positive bias region. The inset represents the parasitic memcapacitive property coexisted
with the memristive property.

Fig. 9: Double logarithmic I-V characteristics of (a) T1, (b) T2, (c) T3, and (d) T4 devices in
negative bias region. The inset represents the parasitic meminductive property coexisted
with the memristive property.
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Highlights

Developed well adherent and pinhole free one dimensional (1D) Rutile-TiO2 nanorod

array and studied the growth temperature dependent memristive properties

Bipolar resistive switching with well known memristive hysteresis loop is observed in

the TiOz nanorod array

Resistive switching voltages, shape of I-V loops and (non)rectifying behavior are

depends upon the growth temperature

Paired-pulse facilitation and short-term depression like characteristics are observed

Non-ideal doubled valued charge-magnetic flux characteristic is observed

Conduction mechanism is due to Ohmic and space charge limited current
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