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The bipolar switching properties and electrical conduction mechanism of
vanadium oxide thin-film resistive random-access memory (RRAM) devices
obtained using a rapid thermal annealing (RTA) process have been investi-
gated in high-resistive status/low-resistive status (HRS/LRS) and are dis-
cussed herein. In addition, the resistance switching properties and quality
improvement of the vanadium oxide thin-film RRAM devices were measured
by x-ray diffraction (XRD) analysis, x-ray photoelectron spectrometry (XPS),
scanning electron microscopy (SEM), atomic force microscopy (AFM), and
current–voltage (I–V) measurements. The activation energy of the hopping
conduction mechanism in the devices was investigated based on Arrhenius
plots in HRS and LRS. The hopping conduction distance and activation energy
barrier were obtained as 12 nm and 45 meV, respectively. The thermal
annealing process is recognized as a candidate method for fabrication of thin-
film RRAM devices, being compatible with integrated circuit technology for
nonvolatile memory devices.
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INTRODUCTION

Many volatile and nonvolatile memory devices,
such as static random-access memory (SRAM),
dynamic random-access memory (DRAM), ferroelec-
tric random-access memory (FeRAM), magnetron
memory (MRAM), phase-change memory (PCM),
and flash memory, are widely used and discussed
for application in various portable memory cards
and electrical devices. Resistance random-access
memory (RRAM) devices are also investigated and
discussed due to their excellent nonvolatility

characteristics, long retention cycles, high storage
capacity, low power consumption, and high readout
speed.1–8

However, the complex composition of the electri-
cal materials used in RRAM devices as well as their
fabrication cost prevent their consideration and
selection for use in volatile memory.9,10 Simple
binary metal oxide materials have also been widely
considered and investigated for application in var-
ious Nd2O3, W2O3, ZnO, and Ta2O5 thin-film RRAM
devices.11–15 For contacts with low ohmic resistance
and excellent structural properties, platinum elec-
trodes are necessary for electrical thin films and
must be used for metal–insulator–metal (MIM)
RRAM devices.16(Received February 16, 2016; accepted November 16, 2016;
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The treatment cost and simple reaction process of
rapid thermal annealing technology make it an
essential technology for recrystallization of oxide
materials.4 In this work, we investigated the bipolar
resistive switching properties of the Pt/V2O5/TiN
structure, i.e., TiN bottom electrode, vanadium
oxide film, and Pt top electrode. Moreover, the
LRS/HRS of RRAM devices based on vanadium
oxide thin film prepared using thermal annealing
treatment were also investigated and are discussed
below.

EXPERIMENTAL PROCEDURES

Samples with the MIM structure shown in Fig. 1a
were prepared using sputtering technology to inves-
tigate the bipolar switching properties of such
RRAM devices. A vanadium oxide target was placed
5 cm away from the substrate, and radio frequency
(RF) sputtering power of 160 W was applied. After
deposition at room temperature, the as-deposited
vanadium oxide thin film was treated by rapid
temperature annealing (RTA) at 450–550�C for 30 s
in air. To complete the MIM structure, an array of
circular top contacts with diameter of 50 lm was
formed by deposition of Pt film with thickness of
200 nm using direct-current (DC) sputtering tech-
nology at 5 9 10�5 Torr. The bipolar switching
properties of the resulting RRAM devices were
determined using an Agilent B1500 semiconductor
parameter analyzer. To investigate the effect of the
thermal annealing treatment on the vanadium
oxide thin film, the physical properties were deter-
mined and analyzed using SEM, XPS, and XRD
measurements.

RESULTS AND DISCUSSION

To determine the HRS/LRS properties for the 5-V
forming process, the I–V switching curves of a
vanadium oxide thin-film RRAM device are shown
in Fig. 2a. The compliance current was 10 mA. In

the SET process, the RRAM device was transferred
to the LRS by applying a high positive bias com-
pared with the SET voltage. In the RESET process,
a continuous decrease of the operating current in
the LRS transferred the device to the HRS for an
applied negative bias above the RESET voltage.

Figure 2 presents 100 cycles of I-V switching for
RRAM devices with nontreated and RTA treated
vanadium oxide thin film. The operating current in
the LRS was slightly increased for the RRAM device
with the annealed vanadium oxide thin film. This is
due to the decreased defects and dangling bonds in
the vanadium oxide thin film after annealing. In
previous study, the electrical properties of thin films
deposited at different oxygen concentrations
revealed different resistive switching and leakage
current properties.17

The XPS results (Fig. 2b) showed that the V 2p3/2

and oxygen 1s corresponding to dangling bonds
were shifted to higher binding energy for the
annealed thin film. The operating current of the
annealed thin-film RRAM in LRS was slightly
increased and the oxygen vacancy efficiency
decreased by the RTA process. For a 0.5-V reading
voltage (Fig. 2), the ON/OFF ratio for the annealed
RRAM devices was larger than for the nontreated
devices. The electron transport mechanism of the
nontreated and annealed thin-film RRAM devices is
analyzed below by fitting the I–V curves.

Figures 3 and 4 depict the surface microstructure
morphology of the nontreated and treated RTA thin
film as obtained by SEM and AFM, respectively.
The nontreated thin film exhibited faceted and
inhomogeneous grains (Fig. 3a). The grains and
microstructure of the annealed thin films showed
large size (Fig. 3b). In AFM images, nonuniform
surface roughness and grain size of the thin films
were observed. The grain size and microstructure of
the annealed thin film were larger than for the
nontreated thin film (Fig. 4a, b). Besides, the phys-
ical properties of the annealed thin film were

Fig. 1. Vanadium oxide thin-film RRAM devices: (a) metal–insulator–metal (MIM) structure, and (b) plan-view morphology.
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efficiently improved by the thermal annealing
treatment.

Figure 5 depicts the XRD patterns of the non-
treated and annealed thin film. The (110), (312), and

(402) peaks of polycrystalline structure were
observed for thin film treated at 500�C. The pre-
ferred (110) peak intensity was higher and the full-
width at half-maximum (FWHM) narrowest for the
annealed thin films. The grain size of the non-
treated and annealed thin film was calculated using
the simplified Scherrer equation (Fig. 3). In addi-
tion, the metal–insulator transition (MIT) of the
annealed thin films exhibited an orthorhombic
layered structure with lattice parameters of
a = 11.54 Å, b = 3.57 Å, and c = 4.38 Å. For
increased annealing temperature, the strain param-
eters of the lattice slightly decreased to �0.015
(line�2 m�4) as the c/a lattice parameters decreased.
For increasing annealing temperature, the (110)
peak shifted slightly to higher diffraction angle,
indicating improved crystal quality and lattice
strain relaxation.

In previous study, the crystalline grain structure,
dielectric constant, and leakage current density of
as-deposited thin films showed an apparent
improvement after an oxygen annealing process.
The decrease of the leakage current density for the
annealed thin films is due to the effective decrease
of oxygen defects and vacancies by the oxygen
annealing process.18–20

Compared with ZnO thin films, the carrier con-
centration of the vanadium oxide thin films was
increased to the range of 1016 cm�3 to 1018 cm�3 as
the annealing temperature was increased.21 This
increase in carrier concentration is caused by
desorption of oxygen molecules from grain bound-
aries for the thermally annealed thin films. Above
annealing temperature of 500�C, the carrier con-
centration became low because of reformation of the
vanadium oxide structure according to the XRD and
SEM results. The carrier concentration of the thin
film annealed at 500�C was about 4 9 1018 cm�3

and the resistivity was about 20 X cm.
The equation for Schottky emission is

J ¼ A�T2 exp �q UB �
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where T is the absolute temperature, UB is the
Schottky barrier height, ei is the insulator permit-
tivity, k is Boltzmann’s constant, and A* is the
Richardson constant. Figure 6a shows the ln I–V1/2

curve for the Schottky conduction emission model of
the nontreated vanadium oxide RRAM device in
LRS state. The ln I–V curve of the RTA-treated thin
film RRAM devices in Fig. 6b shows the hopping
conduction model at high operating current. The
hopping conduction mechanism is due to electrons
in shallow traps jumping over an activation energy
barrier to form a leakage current along conduction
paths formed by metallic filaments.

Figure 7a depicts the ln(I/V)–V1/2 curves for non-
treated vanadium oxide RRAM devices in HRS. The
ln(I/V)–V1/2 curve of the nontreated thin films

Fig. 2. Typical I–V characteristics of nontreated and RTA-treated
vanadium oxide thin-film RRAM devices, plus (a) initial forming
process, and (b) XPS analysis.

Fig. 3. SEM morphology of (a) nontreated and (b) RTA-treated thin
films.
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followed the Poole–Frenkel emission model. Fig-
ure 7b shows that the RTA-treated thin films exhib-
ited the Schottky conduction emission model with
lower leakage current. According to fitting of the
conduction mechanism, the defect and oxygen
vacancy were decreased for the as-deposited vana-
dium oxide thin film after the thermal annealing
process.

To obtain the activation energy (Ea) for the
hopping conduction mechanism, the I–V switching
curve of the vanadium oxide RRAM devices was
measured at different temperatures.11 The associ-
ated Arrhenius plot equation is

Ea ¼ @ log I

@ð1=kTÞ ; ð2Þ

where Ea is the activation energy, k is Boltzmann’s
constant, and T is absolute temperature. To

Fig. 4. AFM patterns of (a) nontreated and (b) RTA-treated thin film.

Fig. 5. XRD patterns of nontreated and RTA-treated thin films.

Fig. 6. I–V curves of RTA-treated vanadium oxide thin-film RRAM
devices in LRS: (a) ln I–V1/2 curves and (b) ln I–V curves.

Fig. 7. I–V curves of RTA-treated vanadium oxide thin-film RRAM
devices in HRS: (a) ln(I/V)–V1/2 curves and (b) ln I–V1/2 curves.
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investigate the metal clustering reaction responsi-
ble for the initial formation of metallic filament
conduction paths, the hopping conduction activation
energy and intertrap separation (Dz) of the thin-film
RRAM devices were calculated using the Arrhenius
equation:

Ea ¼ @ log I

@ð1=kTÞ ¼ EC � EF � qVA
Dz
2ua

; ð3Þ

where z is the average intertrap separation and ua

is the film thickness.15 All the ln I–(1/kT) curves
exhibited a linear downward trend corresponding to
the hopping conduction mechanism. The inset of
Fig. 8 shows all the Ea–V curves for the RRAM
devices with annealed vanadium oxide thin film to

calculate the hopping conduction distance. The
activation energy (Ea) and average intertrap sepa-
ration (Dz) were found to be 45 ± 1.5 meV and
12 ± 1.0 nm, respectively.

In the model for formation of metallic filaments,
the metallic element separates and clusters into
conduction paths in the thin film, as illustrated in
Fig. 9. Figure 9a shows a metallic filament in the
RTA-treated vanadium oxide thin-film RRAM
device for low applied voltage, exhibiting the hop-
ping conduction mechanism. Electrons are trans-
ferred by jumping between shallow defects across an
energy barrier, resulting in an electrical current.
Figure 9b shows the initial metallic filament path in
a nontreated thin-film RRAM device for deep defects
according to the Schottky conduction mechanism.

Fig. 8. ln I–(1/kT) curves and Ea–V curves of RTA-treated vanadium
oxide thin-film RRAM devices.

Fig. 10. Retention characteristics of RTA-treated vanadium oxide
thin-film RRAM devices at room temperature as measured at 0.5 V.

Fig. 9. Electron transfer mechanism and initial metallic filament path for (a) RTA-treated and (b) nontreated vanadium oxide thin-film RRAM
devices in SET state.
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Switching cycle testing measurements are also
useful for characterization of reliability and reten-
tion. To determine the performance of such devices
for use in nonvolatile random-access memory, the
ON/OFF retention characteristics were measured in
HRS/LRS. The results (Fig. 10) revealed no signif-
icant change in stability during ON/OFF switching
cycle testing of an RTA-treated thin-film RRAM
device in HRS/LRS over more than 1 year.

CONCLUSIONS

The initial metallic filament formation process,
bipolar switching properties, and electrical conduc-
tion mechanism of annealed vanadium oxide thin-
film RRAM devices in HRS/LRS state are discussed
and explained based on an appropriate model for the
electron transport path. Improved, low operating
current was also achieved in the annealed vanadium
oxide thin-film RRAM devices after the thermal
annealing process. The nontreated and annealed
vanadium oxide thin-film RRAM devices in LRS
followed the Schottky conduction emission model and
the hopping conduction model, respectively. Finally,
the metal atom clustering reaction in the initial
metallic filament formation process was investigated
based on the hopping conduction energy and average
intertrap separation for the RRAM devices.
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