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Abstract
In this work, the electrical memory properties of a bi-stable device based
Keywords on the structure of aluminum/poly (9-vinyl carbazole) (PVK): TiO,
TiOw: NPs/indium-tin-oxide (ITO) were reported. The effects of the modified
2,

phase structural of titanium dioxide nanoparticles (TiO> NPs) on the
nanoparticles; electrical memory characteristics were determined. The TiO> NPs were
annealed at different annealing temperatures. The physical properties of

IESTEITTER the annealed TiO, NPs were characterized by transmission electron
switching; microscope and X-ray diffraction, which revealed the composition and

structure of the anatase and rutile phases. Current-voltage measurements
IR showed that the bi-stable characteristics were affected by the phase
PVK structure of the TiO, NPs. The ON/OFF current ratio of the fabricated

device was noted to be approximately 2.06x10° in the case of TiO, NPs
annealed at 500°C. A theoretical model was used to explain the charge
injection mechanisms of the device. Moreover, the temperature
dependence and retention-time measurements of the device were
demonstrated.

1. Introduction

One metal oxide nanoparticle that has gained attraction in many research fields and applications is
titania, or titanium dioxide (TiO2). Normally, TiO, is a well-known material that has increasingly
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attracted research interest for its potential application in many fields due to its excellent features,
including electrical, optical, and photocatalytic properties [1]. Typically, TiO,-based materials
exhibit many polymorphic structures with several crystalline phases such as rutile, anatase, brookite,
etc. [2]. Typically, the active structural phases of TiO, are the rutile and anatase phases, which can
be used in various applications [3-5]. P-25 TiO, NPs (Degussa) are a commercially available TiO»
NPs with a large surface area [6]. They are widely used in many applications, such as photocatalysts
and sensors [7, 8]. Typically, P-25 TiO, is composed of mixed rutile and anatase crystalline
structures in a ratio of about 1:3 with individual phase isolation [9]. Differences in structural
characteristics affect performance in its applications. In some applications, including photocatalyst
applications and oxygen indication, specific phase structures of TiO; are required. Moreover, it is
well known that the anatase phase demonstrates higher photocatalytic properties than the rutile
phase [10]. The anatase phase exhibits a metastable phase, while the rutile possesses a stable
structure phase. The phase transformation from the anatase to the rutile structures of TiO> NPs was
studied by several researchers [11], and the transformation was shown to be dependent on the
process parameters such as sintering temperature, pressure, and heating rate.

One of the applications that TiO, proved to be a significant candidate was the "memristor"
device [12, 13]. The memristor or memory resistor is a device that remembers data in terms of
electrical device resistance [14-16]. Recently, many materials have been used to prepare the
memristors, including metal oxides, carbon-based materials, and organic materials [17]. Composite
materials of metal oxide nanoparticles and polymer materials have attracted significant interest in
studying the application of novel memory and resistive switching devices due to their excellent
properties such as a simple preparation process, low cost, and low power consumption [18-22]. The
behavior of TiO; in the field of memristors has been studied for modern applications such as resistive
random-access memory (RRAM), biohybrid systems, and sensing devices. The switching
characteristics of embedded TiO; in polymer matrices have been widely studied [23-25]. The charge
transfer from TiO, NPs to polymer material plays a key role in the operation of the device. In several
reports, embedded TiO; in polymer memristors demonstrated various conduction mechanisms,
which depended on the kind of polymer used and the properties of the TiO, material. Cho et al.
[23] reported on the bi-stable characteristics of Al/poly (N-vinylcarbazole) (PVK): TiO,/indium tin
oxide (ITO) devices, which demonstrated a filamentary conduction mechanism. Ghosh and Pal [26]
had been reported the redox-driven mechanism of the bi-stable device of ITO/poly (3-
hexylthiophene) (P3HT): TiO»/Al. It has been well established that the structural properties, such as
the crystalline phase, have affected the charge transfer of TiO, NPs. However, studies of the
structural properties of TiO> NPs in composite polymer materials for memristor devices are few.

In this work, the effects of TiO, NPs phase composition on the properties of a bi-stable
device were studied. P-25 TiO, NPs were annealed at different temperatures. Then, poly (9-vinyl
carbazole) (PVK) was composited with the annealed TiO, NPs to fabricate a bi-stable device. The
influence of the structural properties of the annealed TiO, NPs on the electrical bistability of the
polymer composite devices was investigated.

2. Materials and Methods

Commercial P-25 TiO, NPs (Sigma Aldrich Co.) were used as starter material. TiO2 NPs were
annealed in ambient conditions at temperatures of 500°C, 700°C, and 900°C for 2 h to observe the
influence of thermal annealing temperature. X-ray diffraction (XRD) technique with a Cu ko (A=
0.1542 nm) radiation source (Rigaku SmartLab) was used to assess the crystalline structural
properties of TiO, NPs. Transmission electron microscopy (TEM, FEI Tecnai G2 20) was applied
to perform the particle size of the annealed TiO, NPs. Before preparing the device, PVK that had
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been dissolved in chlorobenzene solvent was used as polymer blending material in the bi-stable
device. The concentration of PVK and chlorobenzene was kept at 10 mg/mL. TiO, NPs prepared at
different annealing temperatures (500°C, 700°C, and 900°C) were blended into the solution of PVK
in chlorobenzene at a concentration of 9 wt% with ultrasonication for 10 min. Then, each mixed
solution of PVK: TiO, NPs was coated on an indium tin oxide (ITO)/glass substrate by spin coating
at a speed of 2000 rpm for 30 s. After that, the films were baked at 80°C to remove any solvent. A
100 nm aluminum (Al) film was deposited on the PVK: TiO, NPs film as a top electrode by the
vacuum thermal deposition process. A field emission scanning electron microscope (FEM, JEOL
JSM-7001F) was used to capture the surface morphology and thickness of the prepared films. The
current-voltage characteristics (I-V) were measured by a source meter (Keithley 2410) to assess
each device's electrical properties under ambient conditions. The measurement was controlled by a
computer program.

3. Results and Discussion

Figure 1 depicts the XRD diffraction spectra of the annealed TiO, NPs prepared at various annealing
temperatures. The patterns on the XRD spectra exhibit the phase structures of both the rutile (R) and
anatase (A) phases. The most organic compounds in starter TiO, particles were gradually
disappeared at the above annealing temperature, while the structural phases of TiO, remained as
pristine P-25 TiO, [27]. It was found that the composition of the structural phase depended on the
annealing temperature [28, 29]. To identify the composition phase of TiO, NPs, the relative weight
fractions were calculated from the XRD results. The weight fraction of the rutile phase (Wr) and
anatase phase (Wa) can be calculated with the intensity of XRD spectra using the following
equations [28]:

W,=1/(1+0.81,/1,) (1)
W, =1/1+1.261,/1,) (2)

Where 14 is the integrated intensity of the anatase phase at the (101) plane, and Ir is the integrated
intensity of the rutile phase at the (110) plane. From the XRD spectra, a de-convolution of anatase
and rutile peaks was performed to calculate the phase weight fractions. Table 1 shows the calculated
values of Wr and W4 weight fractions. At an annealing temperature of 500°C, the anatase and rutile
phase weight fractions were 87.01% and 12.89%, respectively. These values were closed to the
ratios for the rutile and anatase phases for P-25 TiO, NPs reported in other work [29]. In the case of
the annealing temperature of 700°C, it was found that the phase structure of TiO, NPs had been
converted from a mixed phase of anatase-rutile to a majority rutile phase with the weight fractions
of anatase and rutile phases at 8.26% and 91.67%, respectively. While for TiO, NPs annealed at
900°C, almost all the anatase phase in TiO, NPs was transformed to the rutile structure phase, as
shown in Table 1. Hanaor and Sorrell [30] previously reported on the structural transformation of
the anatase phase to the rutile phase with heating at temperatures higher than 700°C. Zhang and
Banfield [11] reported a kinetic model for TiO, phase transformation, which featured the interface
nucleation of neighboring anatase particles and the growth of rutile nuclei. The transformation
kinetics of anatase to rutile phase depend on the anatase particles' numeric fraction. In addition, the
supply of thermal energy is an important parameter. It was shown that the formation of a stable
nucleus product depends on the parameter of interfacial energy such as temperature, heating rate,
reacting time, etc. In addition, Galizia et al. [31] reported that the parameters such as heating rate
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Figure 1. X-ray diffraction pattern at various annealing temperatures

Table 1. The anatase and rutile phase compositions of the P-25 TiO, NPs at various annealing
temperatures

Annealing temperature (°C) Wr Wa
500 12.89% 87.01%
700 91.67% 8.26%
900 99.34% 0.65%

were significant in the transformation to rutile phase. The phase transformation depends on the
supply of thermal energy and annealing time. In addition, the physical parameters such as contact
points of anatase phase in nanoparticles affected the behavior of phase transform. The high order of
phase transform from anatase to rutile phase can be achieved in the nanoparticles of closed space of
anatase-anatase contact points because the closer space in particles might change the supply thermal
energy to transform the phase of annealing particles. Typically, the material's structural properties,
such as electrical and optical properties, affect physical features. Therefore, the influence of
temperature on the annealing of TiO> NPs for the electrical bi-stable properties of the device was
reported.

Figure 2 illustrates bright field images of the TiO, NPs from transmission electron
microscope at various annealing temperatures. The annealed TiO, NPs were found to be present as
small particles at 500°C, as shown in Figure 2(a). With the raising of the annealing temperature, the
size of the annealed TiO» NPs increased, as shown in Figure 2(b and c). The effect of annealing
temperature on the morphology of TiO, NPs was reported in other work [32]. The surface area of
TiO, NPs declined due to the influence of the annealing process, which induced the agglomeration
of nanoparticles during the treatment process. Figure 3 depicts the surface morphology of prepared
TiO,: PVK films. In the case of 500°C TiO,, fine particles were found over the surface. This might
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Figure 3. FESEM surface morphology images of TiO,: PVK films with TiO, NPs annealing
temperatures of (a) 500°C, (b) 700°C, and (c) 900°C; inset of each image shows the cross-
sectional view to obtain the thickness of prepared films.

be because of the fine particle size under these conditions. In the other films, it can be seen that the
prepared TiO: PVK film exhibited a smooth surface without cracking, which was more suitable for
use in the device. In addition, the inset of each image showed the cross-sectional view used to obtain
the thickness of prepared films. Ten points of the image were used to estimate the thickness of the
film. The thicknesses of TiO,: PVK films at the different TiO, NPs annealing temperatures of
500°C, 700°C, and 900°C were 148+5.51, 136.58+4.38, and 142.63+5.88 nm, respectively.

A schematic of the complete device is shown in the inset of Figure 4(a). The PVK: TiO,
NPs memory devices with P-25 TiO, NPs were tested with various TiO, NPs concentrations to find
the optimal loading conditions. Figure 4 depicts the I-V characteristics of the devices at different
concentrations. The ON/OFF current ratios of 0, 5,9, 15 wt% at+1 V were 10.4, 1.03x10%, 2.06x10°
and 6.00x10?, respectively. The data indicated that TiO, NPs at a loading concentration of 9 wt%
gave the highest ON/OFF current ratio. However, the ON/OFF current ratio decreased when the
TiO, NPs were increased to 15wt% probably due to the aggregation of TiO, NPs. The electrical
characteristics were obtained from the current-voltage measurement with sweep voltage from 0 to
+3 V (curve 1),+3 to 0 V (curve 2), 0 to -3 V (curve 3), and -3 to 0 V (curve 4). The results showed
that low bias voltage from 0 V to +2 V caused the device to exhibit a low current region, defined as
the OFF state. When the applied voltage was increased, the current was immediately changed to
high current or high conduction condition, called the ON state. After changing state, the injection
current was stored in the ON state. Even if the reverse voltage to -3 V was biased to the devices, the
device state remained in the ON state. This characteristic corresponded to a write-once-read-many
(WORM) memory device [33]. Figure 5. depicts the current-voltage (/-V) behaviors of PVK: TiO»
NPs bi-stable devices at various annealing temperatures of TiO, NPs. It was found that the ON/OFF
current ratios at a reading voltage of +1 V were 2.06x10°, 2.57x10%, and 2.02x 103 for the annealing
temperatures of NPs at 500°C, 700°C, and 900°C, respectively. The highest ON/OFF current ratio
of the prepared device was found for TiO, NPs annealed at 500°C. These results revealed that the
structural properties of TiO, NPs clearly influenced the resistive switching behaviors.
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Figure 4. -V characteristics of the device with annealing at 500°C for TiO, NP concentrations of
(a) 0% wt., (b) 5% wt., (c) 9% wt., and (d) 15 %wt., respectively.
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Figure 5. I-V characteristics of the device at annealing temperatures of
(a) 500°C, (b) 700°C, and (c) 900°C

The results were used to explain the electrical mechanisms of the device. The current-
voltage curves of Figure 5 were fitted to theoretical electrical models. Figure 6(a) depicts the results
for the current-voltage curve in the region of the OFF state that fitted properly with the conduction
theoretical model of thermionic emission [20], expressed as:

€xXp 0T

= 3)

b
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where T is the measurement temperature, ¢ is the energy barrier height at the interface, ¢; is the
permittivity of the sample, ¢ is the charge of electron, k; is Boltzmann's constant, and d is the
thickness of the sample. In this model, the carriers in the OFF state conducted thermal energy
activated charge across the potential barrier generally found in polymer conductions [20]. In
addition, Figure 6(b) depicts the current-voltage curve in the region of the ON state that fitted
properly with Ohmic conduction models usually found in polymers composited with particles [20].
It was found that the fitting results of all devices correlated well with the above models.

For clear information about the mechanisms, the proposed diagrams of the energy bands
of the device in various states were presented. The work functions of the bottom ITO and top Al
electrodes were -4.6 eV and -4.2 eV, respectively [34, 35]. The energy levels of PVK at LUMO and
HOMO are -2.0 eV and -5.5 eV, respectively [36]. For the TiO> NPs, the energy band gap values
depended on the phase structure of TiO, NPs [37]. In previous reports, the conduction band (CB)
and valence band (VB) of the TiO, anatase phase were -5.10 eV and -8.3 eV, respectively [37].
Meanwhile, the rutile phase of TiO, has CB and VB levels at -4.80 eV and -7.83 eV, respectively
[37]. One of the acceptable switching mechanisms is the trapping process [36, 38]. However, the
ratios between the rutile and anatase phases changed with different annealing temperatures (see
Table 1). Therefore, an energy band diagram was determined for two cases: (1) trapping states
dominated by the anatase phase, as shown in Figures 7(a), and (2) trapping states dominated by the
rutile phase, as shown in Figure 7(b). Nevertheless, both cases exhibited the same mechanisms when
voltages were applied. Figure 7(c) depicts the band energy diagram in the region of the OFF state,
in which the Al and ITO electrodes were negatively and positively biased, respectively. The positive
charges from the ITO electrode were injected into the HOMO of PVK by thermal energy activation.

On the other hand, the negative charges from the Al electrode were injected into LUMO
by thermal energy corresponding to thermionic emission. The negative charges were trapped, and
the positive charges were blocked by the trapping and blocking states inside the PVK: TiO, NPs
layer. Figure 7(d) depicts the model of the energy band diagram in the region of the ON state of the
prepared device. Electrons filled the trapping states at high voltage bias. Afterwards, the injected
electrons could be easily transported to the ITO electrode. Therefore, the state of the prepared device
was changed from the OFF to the ON state. Figure 7(e) shows the reverse bias voltages of the device.
The PVK prevented electrons from moving out of the trapping states. Therefore, electrons could be
transported directly through the device and exhibited the ON state. Considering energy levels, the
trapping states of the anatase TiO, were deeper than those of the rutile TiO». Therefore, deep traps
needed more electrons before the trapping states were filled, and the ratio between the OFF and ON
states exhibited large ON/OFF current ratios. In addition, the devices dominated by the rutile phase
showed shallow traps. Therefore, the traps were more easily filled by electrons, and the device
showed low writing voltage, as seen in Figures 5(b) and 5(c). It was found that the dominant rutile
phase occurred at both annealing temperatures of 700°C and 900°C. Thus, the values of the ON and
OFF states led to a lower value of the ON/OFF current ratio than the device dominated by the anatase
phase.

Figure 8(a) depicts the current-voltage curve measurement of the prepared device at
different temperatures from room temperature to 90°C. It was found that the ratio of ON/OFF
current states decreased with rising measurement temperatures. The decrease of the ON/OFF current
ratio was significantly altered in the OFF state. In addition, the currents in the OFF state at +1 V
were used to examine the device mechanisms. Figure 8(b) shows a typical Arrhenius plot that can
be used to explain the estimation of the OFF-state current. The data were fitted and showed the
linearity, confirming the thermionic emission model for the OFF state. Moreover, the activation
energy of the trapping centers of the annealed P-25 TiO, NPs at 500°C for the device was
approximately 1.15 eV, as determined from the slope.
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Retention is another parameter used to indicate the performance of a bi-stable memory
device. At first, a +1 V reading voltage was applied and the current of the device was measured at
the same time for 6 h to obtain the retention property, which defined the OFF-state region. Then, a
single pulse of +3 V was applied to the device as a trigger signal for the writing step. It was found
that the writing voltage changed the state of the device from OFF to ON states. After that, the current
of the device was collected at a voltage of +1 V for 6 h, which was defined as the ON state region.
Figure 9 illustrates the retention characteristics of the optimal condition for TiO, NPs annealed at
500°C. It was found that the prepared device exhibited high stability in the ON state and fluctuation
in the OFF state. This fluctuation behavior might be an effect of the positive charges that were
activated through the block barrier with the environmentally thermal energy in the OFF state. In
comparison with other research, the features of our bi-stable device are shown in Table 2. Therefore,
the bi-stable device with ITO/PVK: TiO, NPs/Al structure demonstrated a high ratio of ON/OFF
current ratio with stable time-retention behavior.
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Figure 9. Time retention measurement of TiO,: PVK NPs bi-stable device
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Table 2. Example of the device parameters of various metal oxide nanoparticle polymer composited
bi-stable devices

DeviceStructure i b Tme Voluge R
FTO/TiO»-PVA/Ag 5x10° n/a 2V [39]
gi‘;ﬁgﬁ; 102 10° n/a 0.5V [40]
Galn/PVK-TiO; NPs/Cu 10° 10 years! n/a [41]
Al/PVA: TNTs/FTO 104 1x10%s +0.1V [20]
ITO/PVK-TiO; NPs/Al 2x10° 2x10%s +1V This work

"Extrapolated to 10 years

4. Conclusions

We successfully studied the effects of annealing temperatures of P-25 TiO, NPs on the electrical bi-
stability of a resistive switching device. The P-25 TiO, NPs were annealed at the temperatures of
500°C, 700°C, and 900°C for 2 h in a furnace. The crystallite structure of resulting TiO, NPs was a
mixture of anatase and rutile phases but was transformed into predominantly rutile phase at higher
annealing temperatures. The weight fractions of the anatase and rutile phases at different annealing
temperatures were calculated. A bi-stable device was fabricated on the Al/TiO,: PVK/ITO device
structure. With current-voltage measurement, the fabricated devices exhibited two electrical states
with different current values. For the device, an optimal condition of TiO, NPs was obtained at
500°C annealing temperature and a TiO, NPs concentration of 9% by weight of PVK. The highest
ON/OFF current ratio was observed at 2.06x10° at a reading voltage of +1 V. To better explain the
device mechanism, the thermionic emission and Ohmic conduction charge transfer models were
proposed to describe the device behavior in the OFF and ON states by fitting to current-voltage
results. Furthermore, the device mechanisms were confirmed with temperature-dependent
measurements at different temperatures, ranging from room temperature to 90°C. Moreover, the
device was tested with time-retention measurement to perform practical applications. The prepared
device exhibited high stability in the ON state and the OFF state for more than 6 h.
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