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Forming-free bipolar resistive switching behavior in an ITO/V2O5/ITO structure is observed.

While the bottom ITO layer functions as a common ground electrode, the top ITO layer is an active

element and used as an oxygen reservoir, with an additional metal electrode patterned on its top for

making contact. In contrast to typical metal/transition metal oxide/metal based resistive memories,

our device exhibits a low resistance state in its virgin state and is switched to a high resistance state

when a forward bias of �þ2.5 V is applied. The device can be reset to its original state at a reverse

bias of �–1.5 V. A noticeable decrease in switching voltage with a reduced top contact area is

observed, indicating a strong electric field enhanced switching mechanism. Different from the

widely seen conductive filament mechanism in bipolar switching, we explain the switching

behavior by the migration of oxygen ions at the top ITO/V2O5 interface. When oxygen ions are

extracted to the ITO side, an interfacial layer with reduced oxidation states is formed and acts as a

Schottky barrier that suppresses the current through the whole device. The results suggest future

applications in low power, high speed integrated non-volatile memories. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4995411]

Resistive random access memory (RRAM) is considered

as one of the most promising candidates for next generation

memory due to its high speed,1,2 low power consumption,1

and superior scalability.2,3 Most RRAMs are based on

Metal-Insulator-Metal (MIM) systems and can be divided

into two categories: unipolar switching and bipolar switch-

ing.4 The generally accepted physical mechanisms responsi-

ble for bipolar switching are the formation and annihilation

of conductive filaments due to the migration of ions driven

by an electric field.5 Prior to resistive switching behavior, a

large forming voltage that is a few times higher than the

switching voltage is usually required to form the conductive

filaments in a pristine insulator layer.4 However, such high

forming voltages exceeding 610 V expose severe electrical

and mechanical stresses to the MIM memory element.

Dramatic changes in the film morphology are observed after

forming, including partial spalling and ablation of the elec-

trode material.6 The forming process may also result in

unpredictable resistance states, which lowers the device

yield.7,8 Obviously, reducing or even eliminating the forming

step is valuable for practical applications.

So far, the so-called forming-free resistive switching

with two different characteristics has been realized. In the

first case, the pristine state resistance is similar to the high

resistance state (HRS) resistance after reset, and the forming

voltage is also comparable with the subsequent set voltage.9

In the second case, pre-existing conductive filaments in the

as-fabricated RRAM cells result in an initial ON state.10–13

However, both cases require elaborate control of defect pro-

files in the device to be achieved by various approaches,

including film thickness optimization,11 ion doping,9,12

thermal treatment,10 and fabrication modulation,9,13 which

increases the complexity of fabrication. Vanadium pentoxide

(V2O5) is widely used as a cathode material for lithium bat-

teries14–16 due to its layered atomic structure17,18 and the

capability of storing intercalating ions.19 Its potential applica-

tion in resistive memory has not yet been explored. In this

work, we demonstrate a forming-free bipolar resistive switch-

ing in an ITO/V2O5/ITO sandwich structure. Commercial

ITO coated glass with a sheet resistance of 15 X/sq is used as

a substrate and bottom contact. The carrier concentration is

estimated to be 9:66� 1020 cm�3; by using parameters from

the literature.20 The Fermi level is thus calculated to be

around 1.02 eV above the conduction band minimum.21,22 A

thin film of V2O5 with a thickness of 300 nm is deposited

using a sol-gel process. The top layer of ITO (160 nm) is

deposited by magnetron sputtering, and the corresponding

sheet resistance is 50 X/sq. Using a procedure similar to that

adopted for the bottom contact, the Fermi level of the top

ITO contact is estimated to be 0.50 eV above the conduction

band minimum. After the deposition of the top ITO, a post

annealing step is applied at 300 �C for 20 min in ambient air

to remove the intercalated water molecules in the V2O5 xero-

gel layer. An additional top contact made from Cr (20 nm)/Al

(260 nm)/Cr (20 nm) is then deposited and patterned by a

shadow mask, with circular contact diameters ranging from

30 lm to 100 lm.

The current-voltage (I-V) characteristics of the device

were measured by a custom-built probe station and a

Keithley 4200 source meter unit (SMU). The bias voltage

is applied on the top metal electrode, and the bottom ITO

electrode is grounded. The measured characteristics are

shown in Fig. 1. An abrupt drop in current is observed at

aroundþ2.5 V, which is reflected in a static resistance that

has increased by 3–8 times, and varies with different devices.

The current level is reset to its original state after a reverse

bias of –1.5 V is applied. Subsequent sweeps show consistent

and reproducible resistive switching characteristics. Noticea)Author to whom correspondence should be addressed: jennywan@uw.edu
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that no forming process is required prior to the bipolar

switching behavior. During the DC voltage sweep, no current

compliance is applied either. The results not only suggest a

reversible bipolar resistive memory behavior in the V2O5

device but also imply a switching mechanism different from

conventional resistive memories with metal-insulator-metal

structures, in which case a large forming voltage is required

to create conductive filaments in the pristine insulator layer.

In addition, the large thickness of the V2O5 layer prevents

the formation of any conductive filaments bridging two elec-

trodes under such small biases.

Figure 2 shows the transient response of the device to

applied voltage pulses with a width of 200 ns in a full pro-

gramming and erase cycle. The initial state of the device is

read by aþ0.2 V voltage pulse [Fig. 2(a)], and this shows a

high current of 580 lA. Then, aþ4 V pulse is applied,

followed by another “read” operation that shows a lowered

current of 300 lA [Fig. 2(b)]. A�4 V pulse is applied to

reset the current of the device to 620 lA [Fig. 2(c)]. The

transient response results show that the devices have the

potential to operate in high speed circuits.

ITO/V2O5/ITO devices with different metal contact

diameters varying from 30 lm to 100 lm were fabricated.

Reversible switching characteristics are observed for all the

devices but at different voltage biases. A systematic linear

drop in the positive switching voltage is found when the con-

tact diameter decreases. The results are shown in Fig. 3. The

lowest switching voltage (þ2.5 V) is observed when a probe

tip with a diameter of 2 lm is directly in contact with the top

ITO layer. A similar trend is also observed for the negative

switching voltages.

The results indicate a significant fringe field effect asso-

ciated with the switching process. As the contact becomes

smaller, the electric field beneath the electrode increases due

to the larger circumference to area ratio, thus enhancing the

migration of mobile ions in the system and reducing

the required applied voltage for switching. The contact size

dependent switching voltage of the tested devices also sup-

ports the hypothesis that the conductive filament mechanism,

which generally does not depend on contact size, is unlikely

to be the underlying physics of switching.

Irreversible resistive switching characteristics were dis-

covered in V2O5 xerogel films sandwiched by chromium

electrodes in our previous work.23 When a sufficient voltage

bias is applied, oxygen vacancies formed at V2O5/Cr interfa-

ces create an energy barrier for electrons to overcome, thus

reducing the conductance of the device. Such a switching

process is catalyzed by the intercalated water molecules in

the V2O5 xerogel film. Oxygen gas is released after switch-

ing, and a permanent loss of oxygen ions was proposed to be

the reason for the irreversibility.

When the electrodes are replaced by ITO and a post

annealing step is added, the reduction in the conductance of

the devices becomes reversible. Indium tin oxide has a fluo-

rite structure with 25% empty oxygen sites in an ordered

array.24 Unlike the dense chromium electrodes, a conductive

ITO film deposited by RF sputtering has oxygen vacancies

FIG. 1. Resistive switching characteristics of the ITO/V2O5/ITO structure,

measured by using a probe tip (2 lm diameter) on the top ITO layer. The

applied voltage varies from 0 V!3 V!0 V!–3 V!0 V. Abrupt resistive

switching is observed atþ2.5 V during the initial sweep. The resistance is

reset to its initial state after a bias of –1.5 V is applied.

FIG. 2. Transient response of the ITO/V2O5/ITO device. The applied voltage

is shown in blue. The detected current is shown in green. (a) þ0.2 V, 200 ns

“READ” pulse in the low resistance state. (b)þ0.2 V, 200 ns “READ” pulse

in the high resistance state after applying a “SET” pulse of þ4 V, 200 ns.

(e)þ0.2 V, 200 ns “READ” pulse returning to the low resistance state after

applying a “RESET” pulse of �4 V, 200 ns.

FIG. 3. Positive switching voltage increases approximately linearly with the

diameter of the top metal contact. The smallest switching voltage (þ2.5 V)

is observed with a probe tip (�2 lm diameter). The highest switching volt-

age (þ6.8 V) is observed when the contact diameter is 100 lm.
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acting as both a source for free electrons and a reservoir

for oxygen ions. Yang et al.25 reported a bipolar switching

behavior in the ITO/HfO2/ITO system which usually

involves conductive filaments consisting of oxygen vacan-

cies. This observation indicates that ITO can store oxygen

ions in a reversible way. The post annealing step removes

the intercalated water molecules in the V2O5 film and thus

prevents the formation of oxygen gas. In our experiments

here, no bubbles were observed after the reversible

switching.

It is proposed that the creation of oxygen vacancies in

the V2O5 lattice at the V2O5/ITO interface is responsible for

the resistive switching. When a positive voltage is applied on

the top electrode, oxygen ions are extracted from the V2O5

lattice and driven to fill in the oxygen vacancies in the top

ITO layer, leaving a thin vanadium oxide layer with reduced

oxidation states behind. A reduction in electron affinity is

expected due to the loss of oxygen,26 and thus, a thin

Schottky barrier is formed between the vanadium oxide layer

and ITO electrode (Fig. 4). This is also consistent with the

experimental observation that the conduction band minimum

of V2O5 shifts to about 1 eV above the Fermi level when the

oxidation state is reduced, while the position of valence band

maximum barely changes.27 Before the reduction, the con-

duction band was only 0.3 eV above the Fermi level. The

band gap of ITO is 2.9 eV according to the literature,28 and

the position of the Fermi level has been calculated previ-

ously. The filling of oxygen vacancies in the ITO layer also

results in an increase in the resistance. This corresponds to

the abrupt decrease in current in I-V characteristics under

forward bias. When a negative voltage is applied, oxygen

ions are driven back to refill the vacancies in the interfacial

layer, resulting in the conductance increasing back to its

initial state.

Although the ITO/V2O5/ITO device structure seems to

be symmetrical, asymmetry in electrical properties is

observed when a reverse sweep is applied first. No resistive

switching occurs up to�4 V, and the I-V characteristics of

the device remain resistor-like. The switching appears only

when a forward (positive) bias is applied to the top electrode.

This observation implies that oxygen ions do not migrate at

the bottom V2O5/ITO interface, and the two interfaces are

asymmetric. We believe that the asymmetry originates from

different fabrication processes for the ITO layers. The bot-

tom V2O5/ITO interface is formed in a sol-gel process that

does not involve high-energy irradiation. When the top

ITO is deposited on the V2O5 film, the whole substrate is

immersed in an argon plasma, and it is possible that the sur-

face lattice structure of the V2O5 film has changed to a more

reactive state after this exposure. Another possible explana-

tion is the asymmetrical contact size. The bottom ITO elec-

trode covers the whole wafer and is much bigger than the top

metal contact. When a reverse bias is applied, the electric

field is less confined at the bottom V2O5/ITO interface, mak-

ing ion migration more difficult to occur.

To investigate the robustness of the resistive switching

behavior, we have measured current-voltage characteristics

at temperatures varying from 4.0 �C to 62.3 �C (Fig. 5).

Distinct switching features can be observed at all the temper-

atures tested without degradation, showing that the device

has potential to operate in a wider temperature range.

Preliminary endurance cycling tests of the device have

also been performed in ambient air conditions at room tem-

perature (results not listed). After about 10 cycles, destructive

changes of the surface topography are observed, resulting in

the degradation of the top contact. The LRS and HRS can

then no longer be detected due to a high contact resistance.

Future engineering of the film quality and fabrication process

will be needed to solve this issue.

In summary, reversible bipolar resistive switching is

observed in a metal/ITO/V2O5/ITO structure. Opposite to

the conventional bipolar switching observed in MIM struc-

tures, the device starts with a low resistance state (LHS) and

is switched to a high resistance state (HRS) without a prior

forming process when a positive voltage is applied on the

top electrode. The switching voltage decreases when the size

FIG. 4. Proposed band diagram of the ITO/V2O5/ITO structure after a

“SET” operation. At the top ITO/V2O5 interface, oxygen ions migrate from

the V2O5 side to the ITO side, leaving an interfacial vanadium oxide layer

with reduced oxidation states. A thin Schottky barrier is formed due to the

reduced electron affinity of the interfacial layer, which is responsible for the

increased resistance. Oxygen ions can be driven back into V2O5 when a neg-

ative voltage is applied.

FIG. 5. Current-voltage characteristics of the ITO/V2O5/ITO structure at dif-

ferent temperatures varying from 4.0 �C to 62.3 �C. Resistive switching

behavior persists in the tested temperature range.
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of the top metal contact is reduced, indicating a significant

fringe effect that enhances the electric field beneath the con-

tact and thus accelerates the migration of oxygen ions at the

top ITO/V2O5 interface. Creation of oxygen vacancies in the

vanadium oxide layer and filling of oxygen vacancies in

the ITO layer are responsible for the increased resistance

after switching. The results suggest future applications of

this V2O5 structure in low-power, high speed integrated non-

volatile memories.
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