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We prepared anatase TiO2 films by sol–gel method under three thermal firing conditions to investigate the
bipolar resistive switching (BRS) and unipolar resistive switching (URS) in Ag/TiO2/Pt structure. The devices
are URS in an air atmosphere at 760 Torr, while those in an oxygen ambience at 1 Torr show BRS accompany-
ing with forming-free and self-compliance. By examining the X-ray photoelectron spectroscopy (XPS) spec-
trum, different non-lattice oxygen content is observed. High concentration of oxygen vacancy is expected
under oxygen-deficient treatment, and that would determine the electrode/oxide interface property and in-
duce switching mode of polarity dependent or not. An improved performance of operation voltage dispersion
down to 0.5 V and endurance up to 3000 cycles is obtained for those in reducing Ar.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Transition metal oxide (TMO)‐based resistive random-access
memories (RRAMs) have been studied as next-generation nonvola-
tile memory due to their simple cell structure, fast switching speed,
low power consumption, long retention, and high endurance [1–3].
Scientists often explain the resistive switching behavior between
the two level resistance states in TMO-based RRAMs by the forma-
tion and rupture of conduction filament [4–6], in which the transi-
tion from high resistance state (off-state) to low resistance state
(on-state) is called the set process, and the opposite operation is
called the reset process. Most RRAM devices require a forming
process before showing the resistive switching (RS) behavior.
Depending on whether set and reset processes are of the same volt-
age polarity, the RS mode could be classified as unipolar (URS) or
bipolar (BRS). Schroeder et al. discovered that Pt/TiO2/Pt shows
URS and BRS by setting forming process of different compliance cur-
rent (Icc) [7]. Choi et al. found a consequence of URS and BRS for
TiO2 with Pt or Ti top electrode [2]. Zhang demonstrated the revers-
ible and controllable conversion between URS and BRS in Pt/TiO2/Pt
by changing the operation method [8]. Yu et al. proposed a
switching model by simulating the existence of an interfacial barri-
er in oxidizable electrode materials, which is absent in noble elec-
trode materials [9]. In all the binary or ternary metal oxides with
RS property, oxygen vacancy is widely accepted by the filamentary
model to explain the ret/reset transition [8,9]. This study examines
rights reserved.
the effect of three oxygen-containing atmosphere treatments
on electrical properties, and elucidates the resultant URS and BRS
switching modes accordingly. Endurance comparison between
them is also made and discussed.

2. Experiment

The 0.4 M precursor solution of TiO2 was prepared by dissolving
the titanium isopropoxide (TTIP) in an ethanol solvent. The reaction
rate of the hydrolysis and polycondensation was adjusted by using
the hydrochloric acid and deionized water as activators. The mixture
mole ratio of TTIP, hydrochloric acid, and deionized water was
1:0.82:0.13 [10]. The as-grown TiO2 thin films were then deposited
on the Pt/Ti/SiO2/Si substrate by repeating spin-coating and pre-
heating twice. The two-step spin-coating procedure was adopted to
enhance the uniformity, the first being 1000 rpm for 10 s and the sec-
ond being 2000 rpm for 30 s. By a rising rate of 10 °C/min to 110 °C,
the pre-treatment was performed for 60 min to remove the solvent
and activators. The TiO2 thin films were formed at 350 °C in a furnace
under three different conditions: an air atmosphere at 760 Torr
(air_760Torr), an oxygen atmosphere at 1 Torr (O2_1Torr), and an
argon atmosphere of 1 Torr (Ar_1Torr). The 350 °C was the lowest
temperature in series of tests for samples with resistance switching
property. Finally, the 250 nm-thick silver was evaporated as the top
electrode, and the electrode of 100 μm diameter was patterned with
a shadow mask. The Ag top electrode could also serve as an aid to fil-
ament formation via interstitial ionic diffusion in the TiO2 matrix. The
cross-sectional morphology of the Ag/TiO2/Pt sandwiched structure
was obtained using a scanning electron microscope (SEM, Jeol
5600). All the electrical characteristics were measured using a
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semiconductor parameter analyzer (SPA, Agilent 4155A) in voltage
sweep mode. The crystalline structure and composition of the TiO2

thin films were investigated by X-ray diffraction (XRD, Rigaku RUH3R)
and X-ray photoelectron spectroscopy (XPS, Jeol JAMP9500F).
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3. Results and discussion

Fig. 1(a) shows the XRD patterns for three sets of samples. All the
TiO2 films show the strongest anatase (101) peaks, and the peaks for
Pt bottom electrode and Ti adhesion layer are also observed [11,12].
Non-stoichiometric TiOx with intrinsic oxygen vacancy was common-
ly reported in the literature. It is speculated that the anatase structure
does not have sufficient oxygen ions to bond with Ti, and therefore
generating the non-lattice oxygen generally found in the XPS analy-
sis. Fig. 1(b) shows the uniform and smooth quality of 200 nm-thick
TiO2 thin films prepared by sol–gel method. Under the same firing
temperature but different oxygen availability, a decreasing grain
size around 15/7/5 nm, based on the SEM images, is found for air,
O2 and Ar samples respectively. Due to high current leakage
(>100 mA), the resistive switching characteristic was not found for
films of thickness lower than 200 nm.

Fig. 2(a) shows the air_760Torr URS and its subsequent 10th and
100th curves. The initial un-formed device is in insulating state. Typ-
ically for URS, an electrical-forming process is required to activate the
devices into the on-state by generating conducting filaments through
the TiO2 films. The inset shows that the forming voltage Vforming is ap-
proximately−3.5 V. The set process is conducted by negative sweep-
ing. The current increases smoothly at lower bias, and a sudden jump
in current occurs at the threshold (Vset, Iset). Vset is in the range of
−1.2 V to −2.4 V by successive I–V measurements. Current
20 30 40 50 60

O
2
_1Torr

Ar_1Torr

air_760Torr

In
te

ns
ity

2θ

anatase TiO
2
 (101)

Ti (110) Pt (111)

Pt (200)

(b)

(a)

Fig. 1. (a) XRD patterns for three sets: air_760Torr, O2_1Torr and Ar_1Torr, (b) the typ-
ical cross-section SEM image for air_760Torr.
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Fig. 2. I–V characteristics (a) for air_760Torr URS in a continuous switch of 100 times.
The inset is the forming process, (b) for O2_1Torr BRS in a continuous switch of 1000
times.
compliance Icc of 10 mA is set to avoid hard breakdown in forming
and set processes.

For O2_1Torr in Fig. 2(b), by contrast, the device displays BRS with
forming-free and self-compliance features. The as-deposited film in
most cases is in its off state, and forming-free indicates the presence
of pre-existing, but not active, conduction path. Or one can say Vforming

is close to Vset when turning on the initial state. It is found that
forming-free devices show more stable RS characteristics than the
forming-necessary ones [10], and usually those BRS devices with
abundant oxygen vacancies possess this feature [13]. An improved
uniformity of device parameters and better endurance is obtained in
those with self-compliance, which could be attributed to the uniform
on-state resistance [14]. Vset is only 0.1 V–0.8 V. The apparent asym-
metric branches are observed in positive and negative bias. Since
RRAM devices store 1/0 by distinct resistance in high and low conduc-
tion states, it won't make operation errors in present case.

The dependence of reset currents Ireset on the compliance setting
Icc could be interpreted based on filament model [11,15]. Fig. 3
shows a larger Ireset by increasing Icc for both URS and BRS. A higher
Icc implies the possibility of increasing number, size, or density of con-
ductive filaments generated in the turn-on process. This would rea-
sonably require larger current to rupture them. By adjusting Icc, one
can see the correlation between Ireset and the on-state resistance.
The driving force for filament rupture in URS is usually ascribed to
the Joule heating, while, in BRS, it is to the oxidation by ion drift.
There exists a threshold energy for RS in current-driven URS and
field-induced BRS. For air_760Torr, URS disappears when Iccb3 mA.
For O2_1Torr, a broad dispersion occurs when Icc=1 mA. This abnor-
mal distribution is attributed to the parasitic capacitance that exists
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Fig. 3. Effect of compliance current on the reset current. (a) For air_760Torr, (b) for
O2_1Torr.
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between the device and the external current limiter in 4155A. That
would provide a discharge path and result in an overshoot current
[16–18].

The XPS spectra of O 1s for all three sets are shown in Fig. 4. The
raw data are deconvoluted into two peaks of 530 eV and 531.2 eV,
which correspond to the O2− bound to Ti4+ and non-lattice oxygen
[19]. A number of studies reported that non-lattice oxygen relates
to the formation of oxygen vacancy [13], which could modulate the
effective Schottky barrier height at the Ag/TiO2 interface and change
the current density [20]. The observation of less non-lattice oxygen
in air_760Torr indicates a reduced oxygen vacancy amount, higher
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Fig. 4. XPS spectra of O 1s for all the three sets.
interface barrier, and lower current density, and vice versa for
O2_1Torr. The air_760Torr devices thus require the electrical-
forming process, and Joule heating could dominate the formation/
rupture of the filaments with the diffusion of the oxygen ions. It
means the no electroforming process in O2_1Torr could be attributed
to the oxygen vacancy preexisting in films and acting as the conduc-
tion path. The non-lattice ion migration to recover the oxygen vacan-
cy during the reset process corresponds to an oxidation reaction. The
modulated barrier height near the electrode interface determines the
switching mode to be URS or BRS [9,21]. It is inferred that self-
compliance in set switching is accompanied by the multiple filaments
composed of abundant oxygen vacancies.

Based on XPS analysis, the oxygen vacancy amount seems to be re-
lated to the URS/BRS effect, and the change in the switching mode
would reflect on the I–V stability and endurance performance. The
above statements apply to the comparison between air_760Torr URS
and O2_1Torr BRS, as shown in Fig. 2(a) and (b). For the Ar_1Torr sam-
ple, Fig. 5(a) shows its BRS with forming-free and self-compliance in a
sequence of 1000 times, and Fig. 5(b) is the endurance test up to
3000 cycles. By examining the higher non-lattice ion content for
O2_1Torr in XPS results, several factors have to be taken into account
to explain the endurance improvement for Ar_1Torr. In addition to
the oxygen vacancy amount, further research is needed to investigate
the effect of metal ion diffusion from top electrode to formmultiple fil-
aments, and if the Ar atmosphere is beneficial to the growth of Magneil
phase as the conducting nanofilaments [22]. Fig. 6 shows the dispersion
comparison of the switching voltage Vset/Vreset for the three sets. The
Ar_1Torr devices demonstrate higher uniformity of operation voltage
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Fig. 5. (a) I–V curves in a continuous switch of 1000 times for Ar_1Torr, (b) the endur-
ance test.
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Fig. 6. Comparison of Vset/Vreset distribution after successive measurements.
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and endurance cycles than the other two devices. The dispersion of op-
eration voltage is reduced to be 0.5 V approximately.

The slight difference in the reset transition for Figs. 2(b) and 5(a) is
presumed the presence of a multi-step switching behavior. It is indica-
tive of an increasing number of conductive filaments for Ar_1Torr. The
filaments are ruptured successively during the turn-off process. The for-
mation of multiple conductive filaments explains why the I–V displays
several discrete resistance steps, and could be employed to develop
multilevel operation storage [23].

4. Conclusions

Different firing ambience treatment leads to TiO2 thin films with RS
of distinct switching mode and endurance property. The endurance of
forming necessary URS by air is near 100 at Icc of 10 mA, and the distri-
bution of the operation voltage is about 1.3 V.While in other two sets by
deficient oxygen atmosphere, forming-free and self-compliance BRSs
are observed with better stability. XPS analysis reveals the variant
non-lattice oxygen peaks, which indicates oxygen vacancy amount pre-
sent in film interior. The filament formation is facilitated by oxygen va-
cancy, and the increasingfilament number in Ar_1Torrwould behelpful
in the endurance performance. The endurance is improved to 3000 cy-
cles and dispersion of operation voltage is down to 0.5 V. The TiO2-
based RRAM devices have great potential for multilevel operation
storage.
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