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We propose a solution-processed transparent TiO,-based resistive switching random access memory (ReRAM) device. Electroni-
cally active TiO, was prepared by sol-gel spin coating of a titanium(IV) isopropoxide precursor on an indium tin oxide-coated
glass. The prepared TiO, film is completely transparent in the visible range and has an amorphous structure. The fabricated
TiO,-based ReRAM device exhibits distinct resistive switching under consecutive dc voltage sweeps of =2 V. The device also
exhibits good memory performance, including fast switching speed with a pulse width of 1 s, stable pulse endurance over 1000
cycles, and excellent retention characteristics at up to 125°C. In addition, based on the log 7 — log V plot and X-ray photoelectron
spectroscopy analysis, we postulate that the fabricated device is operated by the reversible formation/rupture of the conducting

filament in the oxygen-deficient TiO, layer.

© 2010 The Electrochemical Society. [DOI: 10.1149/1.3489370] All rights reserved.

Manuscript submitted June 9, 2010; revised manuscript received August 16, 2010. Published September 23, 2010.

Recently, various types of nonvolatile memory devices, such as
charge trap flash, spin—torque transfer, phase change, polymer, and
resistive switching memory, have attracted considerable attention as
alternatives to floating gate memory Among them, resistive
switching random access memory (ReRAM) devices have been con-
sidered as one of the most promising candidates for next-generation
nonvolatile memory devices because of their fast switching speed,
low power operation, nondestructive readout, and remarkable
scalabrhty " In particular, TiO,-based ReRAM devices have been
widely investigated because of their relatively well-known operation
mechanism and compatibility with the complementary metal-oxide-
semiconductor process as compared with ternary or quaternary ox-
ides such as doped SrZrO;, SrTiO3, (Sm,Ca)MnO3/(La,Sr)MnOs,
and (Pr,Ca)MnO3.8'15 Particularly, the solution processibility of
TiO, has stimulated great interest from the viewpoints of ease in
large -area fabrication, time-effective process, and low production
cost.'*!” Therefore, many researchers studied solution-processible
TiO, and have recently regorted that it could exhibit resistive
switching characteristics. They suggested that solution-
processible TiO, could be a promrsmg candidate for use in diverse
applications such as memristors, = flexible ReRAMs,"  and
ReRAMs manufacturable by a simple manufacturing process.20
However, information on the resistive switching mechanism and
memory reliability of solution-processible TiO,, particularly with
respect to its pulse endurance and high temperature retention char-
acteristics, is inadequate from previous papers. In this study, we
successfully  fabricated a  solution-processible, transparent
TiO,-based ReRAM device and demonstrated its memory properties
such as fast switching speed, stable pulse endurance over 1000
cycles, and excellent high temperature retention at up to 125°C. In
addition, we investigated the resistive switching mechanism of the
ReRAM device.

Experimental

A TiO, sol-gel product was prezpared according to the procedure
described by Kim et Titanium(IV)  isopropoxide
{Ti[ OCH(CHj),]4, Aldrich, 99.999%, 10 mL} was used as a precur-
sor of the TiO, sol-gel product. The precursor was mixed with
2-methoxyethanol (CH;0CH,CH,OH, Aldrich, 99.9 + %, 50 mL)
and ethanolamine (H,NCH,CH,OH, Aldrich, 99 + %, 5 mL) in a
three-necked flask equipped with a condenser, a thermometer, and
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an argon-gas inlet/outlet. Then, the mixed solution was heated in a
silicone-oil bath with stirring to 80°C for 2 h, followed by heating to
120°C for 1 h in argon ambient. Subsequent to the two-step heating
process, the product was cooled down to room temperature and was
diluted with isopropyl alcohol (IPA). For ReRAM device fabrica-
tion, a glass substrate coated with indium tin oxide (ITO) was
cleaned by mechanical cleaning with detergent and by successive
wet cleaning through ultrasonication for 15 min each in deionized
water, acetone, and IPA. Further, the ITO-coated glass substrate was
dried in a vacuum oven at 100°C for 4 h, followed by UV/O;
surface treatment. The substrate was spin-coated directly by the
TiO, precursor solution and then hydrolyzed at room temperature
for 1 h in air (TiO, ~ 50 nm). Finally, an Al top electrode and Pt
capping layer with an area of 100 X 100 wm were formed by
shadow mask and postannealing was implemented at 150°C in N,
ambient.

Results and Discussion

Figure 1a shows the transmittance of TiO, on fused silica as a
function of the wavelength of the incident beam. The optical band-
gap E, can be determined using the absorption coefficient and has
been 1nvest1gated by studying the relation (ahv)? vs hv, considering
the direct allowed transition of TiO,, as shown in Fig. 16.22* The
optical bandgap can be obtained by extrapolating the linear portion
of the graph to the photon energy; E, = 3.85 eV. This value indi-
cates that the prepared TiO, film is completely transparent to the
human eye. Because the TiO, film was prepared at room tempera-
ture and annealed in N, at 150°C (much below the crystallization
temperatures (Tc) of the two major phases, anatase and rutile, Tc
~ 400°C), as expected, the prepared TiO, film was confirmed to be
amorphous by X-ray diffraction analysis (Fig. 2).

Figure 3 shows the current-voltage (I-V) curves of the
Al/TiO/ITO metal-insulator-metal device that exhibits bipolar (an-
tisymmetric) switching behavior under the dc voltage sweep. During
all the electrical measurement, a voltage was applied to the Al top
electrode, and the ITO bottom electrode was electrically grounded.
Before measuring the resistive switching characteristics of the de-
vice, an initial forming process was required. When a positive bias
was first applied to the Al top electrode, the forming process oc-
curred. In contrast, when a positive bias was applied to the ITO
bottom electrode first, the forming process was not observed and the
device did not exhibit any resistive switching at all. This voltage
polarity dependence of the forming process can be explamed by the
much stronger tendency of Al to oxidize compared to ITO.” Then,
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Figure 1. (Color online) (a) Optical transmittance and (b) calculated optical
bandgap for direct allowed transition of the solution-processed TiO, film.

as we apply a positive voltage greater than the threshold voltage of
~1.0 V, the device switches (“set”) from its high resistance state
(HRS) to a low resistance state (LRS). The current is limited by the
compliance current of 1 mA of the control circuit. When we apply a
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Figure 2. (Color online) X-ray diffraction pattern of the solution-processed
TiO, film. The diffraction peak from Si substrate is only observed at ~33°.
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Figure 3. (Color online) Typical I-V hysteresis curves of the TiO,-based
ReRAM device. The initial forming process is also represented.

negative voltage below a certain voltage of approximately —1.0 V,
the device switches back from LRS to HRS. This “reset” process to
HRS occurs as a result of reverse voltage polarity. This switching
phenomenon is called the bipolar switching behavior. After an initial
electroforming step at +3 V, the fabricated device exhibits stable
switching behavior over 100 times under consecutive dc voltage
sweeps of =2 V. The fabricated cell did not show the unipolar
resistive switching behavior. If the top electrode is changed to Pt,
the unipolar switching was observed. However, the I-V characteris-
tic was very unstable and no continuous resistive switching was
obtained (data not shown here).

In addition, the two different resistance states (HRS and LRS)
were monitored as a function of the pulse duration at a pulse voltage
of =2 V, as shown in Fig. 4. The fabricated ReRAM device dem-
onstrates fast switching. Although the onset of decreasing set/reset
resistance ratio was observed at 500 ns, the ratio remains nearly
constant for a duration of up to 1 ps.

For further analysis, the retention characteristic of the device was
measured at various temperatures to verify the temperature-
dependent stability in HRS and LRS. As seen in Fig. 5, no notice-
able degradation can be observed in the current magnitude at mea-
surement temperatures ranging from 25 to 125°C for 10* s,
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Figure 4. HRS and LRS as a function of the pulse duration at a pulse voltage
of =2 V. Both resistance states remain stable at up to 1 ps.
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Figure 5. (Color online) Retention characteristics of the TiO,-based ReRAM
device at various temperatures ranging from 25 to 125°C. No significant
degradation was observed up to 10* s.

indicating that the formed conducting filaments are stable up to a
high temperature of 125°C, and the formation of any tiny filament
causing a switch to LRS is not triggered until measurement tempera-
tures of 125°C. This implies that the solution-based process pre-
sented in this study can produce an effective, electronically active
TiO, layer suitable for ReRAM devices and such TiO,-based
ReRAM devices are superior to Al,Os- and CuO-based devices,
which exhibit unstable retention characteristics at 125°C.2**" An-
other reliability test was performed, in which a pulse endurance test
was employed to evaluate the electrical stability in both resistance
states at a reading voltage of 0.2 V (Vy/Vieset = +2 V, 10 s/
-2 V, 1 ps). Even if there is a slight fluctuation in the current
magnitudes of both resistance states, these states are continuously
stable, maintaining HRS and LRS over 1000 cycles, as shown in
Fig. 6. For a ReRAM device with the solution-processed TiO, layer,
these values are superior to those reported previously. 20

For understanding the conduction mechanism of TiO, in both
HRS and LRS, the log I —log V characteristics were plotted, as
shown in Fig. 7. The log I — log V plot of LRS is linearly fitted to

i Vs “N'm‘ = +2V, 10us/-2V, 1us
10° Read@V,, = 0.2V
— [
<
-t o
c 10°¢
g |
-
5 [
o 3
10°}

Number of cycles

Figure 6. (Color online) Cycling endurance characteristics of the TiO,-based
ReRAM device measured by consecutive voltage pulse (Vi/Vieser =
+2 V, 10 ps/=2 V, 1 ws). The resistance values of both states were ex-
tracted at a reading voltage of 0.2 V.
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Figure 7. (Color online) The log I — log V plot of HRS and LRS of the
TiO,-based ReRAM device. The inset depicts the PF emission fitting at high
voltage region (>0.5 V) in the HRS.

a line with slope 1.0, implying that the charge transport mechanism
in LRS follows ohmic conduction. The conduction behavior in HRS
can be explained by ohmic conduction at the low voltage region
because the slope of approximately 1 remains valid at the low volt-
age region. However, at the high voltage region (>0.5 V), the con-
duction mechanism in HRS is completely different because the slope
of the fitted line increases to 1.21. This nonlinear relation of the
log I —log V plot might be attributable to the Poole-Frenkel (PF)
emission. According to the PF conduction, a plot of log I vs V!’
has a linear relation, as shown in the inset of Fig. 7. Defect density
is often used as the criterion to distinguish between amorphous and
crystalline states, and there is a large number of defects in amor-
phous TiOx.28 Thus, once the charges trapped in these trapping sites
obtain sufficient energy from a high electric field or high tempera-
ture, they can overcome the energy barrier of the traps in amorphous
TiO, or the interface of TiO, and the Al electrode can contribute to
electrical conduction. This result is consistent with that of a previous
paper that investigated amorphous TiO,-based ReRAM devices.”

Based on the analysis described above, the charge transport
mechanism of the fabricated TiO,-based ReRAM device in both
states can be explained by the well-known conductive filament
model. Some existing defects in the prepared TiO, film connect with
each other and contribute to ohmic conduction at low voltage. How-
ever, with increasing voltage, the conduction is dominated by the PF
emission, which is directly associated with the traps in amorphous
TiO, films. Once the electric field through the TiO, film reaches a
specific value, it leads to the formation of a conductive filament
throughout the film. Therefore, large current flows through the con-
ductive path and conduction in LRS is explained by ohmic behavior.
In contrast, in the reset process from LRS to HRS, most of the
conductive filaments are disrupted due to the reverse bias. As a
consequence, the electric conduction decreases suddenly, causing
the switch to HRS. The area dependence of HRS and LRS on the
current was also observed, as depicted in Fig. 8. Showing the area
dependence of two resistance states is very useful to prove the fila-
mentary switching behavior of ReRAM devices. As described in
Fig. 8, LRS is not affected by the active area of the ReRAM device.
Because the formation of a conducting path (first filament) could
prevent the generation of other conducting paths, the LRS current is
independent of the device size. In contrast, the HRS current is pro-
portional to the active area of our ReRAM device because the HRS
current is dominantly determined by the leakage current. Therefore,
the switching mechanism of our ReRAM device is the formation/
rupture of the conducting filament.

To investigate the origin of defects in amorphous TiO,, which
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Figure 8. (Color online) The current of HRS and LRS as a function of
device size.

contribute to conduction, X-ray photoelectron spectroscopy (XPS)
analysis was performed. Figure 9 shows the XPS Ti 2p spectrum,
which was resolved into two Ti-related peaks Ti* ({binding
energy = 459.0 eV) and Ti** (binding energy = 457.6 eV).* Here,
the broad shoulder peak in the spectrum can be assigned to Ti3*,
Ti** is related to the oxygen-deficient state in the TiO, film.'>%
Taking into account the results inferred from the log 7 — log V plot
and XPS, the migration of these oxygen vacancies caused by the
external electric field in the solution-processed amorphous TiO, film
could have induced reversible formation/rupture of the conductive
filament, brinz%ingg about  stable filamentary  switching
behavior;ls’zo’zg’ -3 hence, the solution-processed TiO,-based
ReRAM device fabricated in this study exhibited good memory per-
formance.

In summary, the effectiveness of a ReRAM device with a
solution-processed transparent TiO, layer was successfully demon-
strated. The active TiO, film was spin-coated on glass and fabricated
by sol-gel chemistry using a titanium(IV) isopropoxide precursor.

| Ti 2p from TiO_film
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Figure 9. (Color online) Ti 2p portion of the XPS spectra of the solution-
processed TiO, film. The binding energies of Ti 2p,, and Ti 2p;, were
measured after postannealing at 150°C.
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The prepared TiO, film was completely transparent and amorphous.
Moreover, the TiO,-based ReRAM device exhibited good memory
performance, including stable dc resistive switching characteristic
over 100 times, fast switching speed with pulse widths of up to 500
ns, stable pulse endurance under the condition V. /Vieeer =
+2 V, 10 ws/=2 V, 1 ws over 1000 cycles, and excellent reten-
tion characteristics up to temperatures of 125°C. In addition, based
on the log / —log V plot and XPS analysis, the switching mecha-
nism of the fabricated device is the reversible formation/rupture of
the conducting filament. This resulted from the migration of the
oxygen vacancies in the oxygen-deficient amorphous TiO, layer.
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