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Bipolar resistive switching has been reported in ITO/V2O5/ITO structures. Synthesized from the

sol-gel process, the nanostructured V2O5�nH2O xerogel thin film endures significant structural tran-

sition during the post-annealing step. The impact of the structural transition of the V2O5 film on the

resistive switching properties is studied in this work. The switching voltage decreases from 6.5 V

to 3.0 V when the annealing temperature increases from 220 �C to 280 �C and then increases up to

5.0 V at 350 �C. Above the annealing temperature of 350 �C, the reversible switching characteris-

tics disappear. The thermogravimetric measurement shows that intercalated H2O molecules fully

evaporate above 350 �C. X-ray diffraction shows that the xerogel phase gradually vanishes as the

annealing temperature increases, and only a-V2O5 and b-V2O5 exist at high annealing tempera-

tures. Ab initio simulations are performed to evaluate the formation energies of the oxygen vacancy

in xerogel, a-V2O5, and b-V2O5 phases. The results are in good agreement with the experiments:

the formation energy of the oxygen vacancy is significantly lower in xerogel than in a-V2O5 and b-

V2O5, enabling the occurrence of reversible switching when the xerogel phase exists in the sand-

wich structure. Published by AIP Publishing. https://doi.org/10.1063/1.5045826

I. INTRODUCTION

Resistive random access memory (RRAM) is considered

to be one of the most promising candidates for the next gener-

ation memory due to its high speed,1,2 low power consump-

tion,1 and superior scalability.2,3 Most RRAMs are based on

Metal-Insulator-Metal (MIM) systems and employ transition

metal oxides such as HfO2,
1 TiO2,

2 ZnO,4 and ZrO2
5 as the

sandwiched insulator layer. A widely accepted mechanism for

bipolar resistive switching, which means that SET and

RESET operations require opposite voltage polarities, is the

formation of conductive filaments consisting of oxygen vacan-

cies in the oxide layers due to the applied electric field.6–11

Reports have indicated that the crystallinity of the insulator

layer plays an important role in determining the resistive

switching performance12 as the oxygen vacancy formation

energies differ for amorphous and crystalline oxides. This fact

provides insights into engineering the electrical switching

properties for other oxygen vacancy based RRAMs.

Vanadium pentoxide (V2O5) is widely used as a cathode

material for lithium batteries13–15 due to its layered atomic

structure16,17 and the capability of storing intercalating

ions.18 ITO (indium tin oxide) is a heavily doped n-type

semiconductor with a large bandgap of 4 eV.19 Previously, a

novel forming-free bipolar resistive memory was discovered

in ITO/V2O5/ITO structures.20 ITO coated glass with a sheet

resistance of 10 X/sq is used as the substrate and bottom

contact. A thin film of V2O5 consisting of overlapped nano-

ribbons with a thickness of 800 nm is deposited using the

sol-gel process. A gentle pre-annealing at 220 �C is added

for 1 h to reduce the amount of intercalated water molecules

and prevent bubbling during the post-annealing process. The

top layer of ITO (160 nm) is deposited by magnetron sputter-

ing, and the measured sheet resistance is 50 X/sq. It was pro-

posed that oxygen vacancies were formed in V2O5 at the top

ITO/V2O5 interface due to the applied electric field and this

creates a thin Schottky tunneling barrier which increases the

overall resistance. The oxygen ions migrate into or out of the

top ITO layer which consists of sufficient vacancies to

achieve reversible switching. The formation of oxygen

vacancies in the V2O5 layer is critical in the electrical

switching process and can have a significant impact on the

switching voltage, which is of great importance in terms of

energy consumption and electrical stress to peripheral circuit

elements. As the V2O5 film is synthesized from the sol-gel

process, it will endure a drastic structural transition at vari-

ous temperatures. In this work, we investigate the impact of

the structural transition of the V2O5 thin film in the ITO/

V2O5/ITO sandwich structure due to the post-annealing pro-

cess at various temperatures. A significant change in resistive

switching properties is found, and the underlying mechanism

is attributed to the change in the oxygen vacancy formation

energies resulting from phase transition from xerogel to a-/

b-V2O5 when annealing temperature increases.

II. RESULTS

A. I-V Characteristics at various post-annealing
temperatures

Current-voltage characteristics of ITO/V2O5/ITO devi-

ces are measured using a Keithley 4200SCS parametera)Author to whom correspondence should be addressed: jennywan@uw.edu.
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analyzer after annealing at temperatures varying from 220 �C
to 400 �C. The results are shown in Fig. 1.

Most of the devices show reversible bipolar switching

behavior. Under high positive bias, the device can be

switched from a low resistance state (LRS) to a high resis-

tance state (HRS) without the forming process. HRS can be

reset to LRS with a sufficient negative bias. The switching

voltages are shown to depend significantly on the annealing

temperature. As the annealing temperature increases from

220 �C, the positive switching voltage (for HRS state) drops

from 6.5 V and reaches its minimum value of 3 V at 280 �C.

Negative switching voltage does not show a monotonic

change and varies around �2.0 V. Making the annealing

temperature larger than 280 �C results in an increase in the

magnitude of both the positive and negative switching vol-

tages. When the annealing temperature is above 360 �C, the

reversible resistive switching behavior disappears.

Irreversible breakdown that causes the current to drop down

to almost zero occurs when the positive or negative bias

reaches about 4 V in magnitude. The results indicate that the

switching behavior is optimized at an annealing temperature

of 280 �C and is very sensitive to annealing temperatures

above 320 �C.

The shape of I-V curves also changes significantly. At

low annealing temperatures, resistance of the device is high

at low biases and gradually decreases when the applied volt-

age increases, showing non-linear I-V characteristics. As the

annealing temperature increases, this non-linear feature dis-

appears, and the device exhibits Ohmic behavior for both

LRS and HRS. The transition in low-bias I-V characteristics

also indicates a change in the band structure in the transport

direction. The underlying mechanism for the change in elec-

trical properties is attributed to the change in the chemical

composition and atomic structure of the V2O5�nH2O thin

film during the post-annealing process, which will be dis-

cussed in Secs. II B and III A.

B. TGA and x-ray diffraction analysis

A V2O5�nH2O xerogel thin film synthesized by the sol-

gel process contains intercalated H2O molecules16 which can

be gradually evaporated when annealed. First, we evaluate

the water content in V2O5�nH2O xerogel as a function of the

annealing temperature. Thermogravimetric analysis (TGA)

is performed on a thermal gravimetric analyzer in a N2 atmo-

sphere, and the temperature is swept from room temperature

to 500 �C with a heating rate of 5 �C/min.

The obtained thermogravimetric trace is shown in

Fig. 2. It reveals the existence of 1.8 mole of water per mole

of oxide at room temperature, assuming that H2O is the only

volatile phase in the xerogel film. The water content

decreases rapidly and is characterized by the weight loss

until the trace enters a gradually decreasing region above

70 �C. The value of n decreases to 0.25 at 270 �C followed

by a sharp peak in derivative weight, indicating the loss of

more tightly bound water. At 300 �C, the n value decreases

to 0.05, and beyond 350 �C, the weight loss is no longer

observed, suggesting that all the bound water has been

released. Comparing the TGA results with the I-V character-

istics mentioned above, it is intuitive to relate the water con-

tent to the change in switching properties. Below the

optimized annealing temperature of 280 �C, the amount of

H2O molecules intercalated is relatively high, potentially

creating a small barrier between V2O5 atomic layers which

blocks the electron transport under low biases. As the anneal-

ing temperature increases beyond 360 �C, the bound H2O

molecules fully evaporate, and this results in a more compact

atomic structure solely consisting of crystalline V2O5. The

FIG. 1. I-V characteristics at various

post-annealing temperatures from

220 �C to 350 �C. Minimum switching

voltage is observed at 280 �C. (Inset)

Structure of the ITO/V2O5/ITO device

and bias setup.
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barrier for the generation of mobile ions is increased, result-

ing in the disappearance of reversible switching.

To further investigate the change in the atomic structure

of the device, X-Ray Diffraction (XRD) analysis is per-

formed on a Bruker F8 Focus Powder X-ray diffractometer

using an X-ray source of Cu K-a radiation with a wavelength

of 1.54 Å. The XRD patterns of the ITO/V2O5/ITO structure

at various annealing temperatures are shown in Fig. 3. At

low annealing temperatures below 280 �C, the dominant

peak (001) is the one at 7.5�, indicating a large interlayer

spacing of 11.78 Å with the presence of intercalated water

molecules. The broad full-width at half-maximum (FWHM)

of the dominant peak also indicates a large grain size, origi-

nated from the randomized overlapping of V2O5 nanoribbons

during the sol-gel process. As the annealing temperature

increases to 320 �C, the intensity of the low angle peak

(7.5�) drops significantly and other minor peaks at around

10� begin to emerge. The dominant peak at 20.6� corre-

sponds to a crystalline orthorhombic a-phase V2O5 (001)

peak. Interestingly, secondary peaks emerge at 11� and 12.5�

as the annealing temperature becomes high, and they do not

correspond to crystalline ITO or a-phase V2O5. These peaks

belong to a different phase of V2O5, which is the b-phase.

The existence of b-phase V2O5 in the ITO/V2O5/ITO struc-

ture is surprising, as previous reports have suggested that b-

phase V2O5 is usually formed in rather extreme conditions:

thermal heating of V2O5 powder at high temperature

(T¼ 1073 K) and high pressure (P¼ 6.0 GPa)21 or DC reac-

tive magnetron sputtering at high substrate temperature

(T¼ 550 �C).22 In Sec. III A, it is discovered that the ultimate

phase of the V2O5 film grown by the sol-gel process after

high temperature annealing depends significantly on the

properties of the substrate that the film is interfacing with.

III. DISCUSSIONS

A. Asymmetrical interfaces

To investigate the structural transition of the

V2O5�nH2O xerogel film during the annealing process and its

dependence on the choice of the substrate material, the

V2O5�nH2O thin film was coated on three different substrates

first: soda-lime microscope glass slide, sapphire, and ITO

wafer. An ITO/V2O5/glass substrate structure was also fabri-

cated to explore the effect of the top ITO film which was

deposited by RF magnetron sputtering using the same recipe.

The XRD analysis results of the four structures are shown in

Fig. 4.

It is observed that at a high annealing temperature

(400 �C), the crystal structure of the V2O5 film depends on

the surface roughness of the substrate. When the substrate is

crystalline and smooth (e.g., ITO or sapphire), the annealed

V2O5 sol-gel film exhibits a regular a-phase with lattice con-

stants of a¼ 11.512 Å, b¼ 5.364 Å, and c¼ 4.368 Å.17

However, when the substrate is amorphous and rough (e.g.,

soda-lime glass has a roughness of �13 nm23), the crystal

structure of the V2O5 film is in the b-phase and is identified

by the dominant peak at 12.5� in the XRD analysis results.

The formation of the b-phase is explained by the differ-

ent thermal expansion of the substrate and V2O5 film at the

V2O5/substrate interface. Figure 5 shows the scanning elec-

tron microscopy (SEM) images of V2O5 nanoribbons synthe-

sized by the sol-gel process from our previous work.24 These

nanoribbons are about 10 nm wide and 1 lm long and can

easily fill into the valleys on a rough substrate. At high

annealing temperatures, the nanoribbons that directly come

into contact with the substrate can experience high localized

pressure due to different thermal expansion coefficients (e.g.,

CTE is 9.5 ppm/K for soda-lime glass25 and 51.6 ppm/K for

V2O5
26). The local high pressure provides the environment

for the formation of b-phase V2O5 at the substrate/V2O5

interface, which acts as a seeding layer and eventually deter-

mines the crystal structure of the V2O5 film on the top.

Whereas when the substrate surface is smooth, the overlap

between the substrate and V2O5 nanoribbons is minimized

and the local pressure does not reach the threshold for creat-

ing b-phase V2O5. Therefore, the film exhibits a normal crys-

tal structure of a-phase V2O5. Note that in the ITO/V2O5/

glass structure, the whole V2O5 film only exhibits a b-phase

FIG. 2. Thermogravimetric analysis (TGA) of the V2O5 xerogel thin film

and the corresponding calculated water content.

FIG. 3. XRD results of the ITO/V2O5/ITO structure at various annealing

temperatures from the as-fabricated state to 360 �C. Distinct phase transition

from the xerogel to a-/b-phase is observed above 320 �C.
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at 400 �C, in contrast to the a-V2O5 formed in the V2O5/ITO

substrate structure. In this case, the V2O5 xerogel film

becomes the rough substrate (surface roughness is around

30 nm24). During the subsequent magnetron sputtering depo-

sition of top ITO, a firm interface with a large contact area is

generated. b-phase V2O5 is thus formed at high annealing

temperature due to the different thermal expansion of ITO

and V2O5 (CTE is 7.2 ppm/K for ITO27).

From the above analysis, we conclude that the ITO/V2O5/

ITO device has asymmetrical top and bottom interfaces.

When the annealing temperature increases above 280 �C, a-

V2O5 starts to form at the bottom ITO/V2O5 interface while

b-V2O5 forms at the top ITO/V2O5 interface. The active

region of the xerogel phase with large interlayer spacing is

consumed and keeps shrinking. The phase distribution of the

device is illustrated in Fig. 6(a). The resistive switching from

LRS to HRS only occurs at positive bias, implying that the

oxygen ion migration only happens between top ITO and

V2O5 layers [Figs. 6(b) and 6(c)]. When b-V2O5 is formed at

the top interface, it acts as a thin barrier layer for oxygen ion

migration, where the xerogel region remains the source for

mobile oxygen ions. This is consistent with the reduced ON/

OFF ratio and increased switching voltages at annealing tem-

peratures above 320 �C. At the same time, the a-V2O5 region

at the bottom interface keeps growing and reduces the thick-

ness of the xerogel region. At a high annealing temperature of

400 �C, the xerogel phase is thoroughly exhausted, accompa-

nied by the disappearance of reversible resistive switching.

This confirms that neither a-V2O5 nor b-V2O5 has the capabil-

ity of generating oxygen ions and reacting with the ITO elec-

trode to achieve reversible switching. To further investigate

this claim, the results of first-principles calculations are pre-

sented in Sec. III B.

B. Microscopic insights

We have confirmed that the presence of the xerogel

phase is essential for creating oxygen vacancies in the V2O5

layer which is responsible for the resistive switching from

LRS to HRS. First-principles calculations of oxygen vacancy

formation energies in three different phases of V2O5 have

been performed to obtain microscopic insights into our

results. For all calculations, the spin polarized periodic DFT

code Vienna Ab-initio Simulation Package28,29 was

employed, in which valence electronic states are described

within a plane wave basis set with a cutoff energy of 520 eV.

The core electrons were represented using projector aug-

mented wave (PAW) pseudopotential30 and explicitly treated

eleven valence electrons for vanadium (3p63d44s1), six for

oxygen (2s22p4), and one for hydrogen. The Perdew-Burke-

Ernzerhof31 within the Generalized Gradient Approximation

(GGA) functional32 was used for the exchange-correlation

energy, including rotationally invariant GGAþU33 with a

coulomb repulsion of U ¼ 3.25 eV to account for the

strongly correlated electrons in vanadium d-states.34

Structural optimization was obtained by relaxing the atoms

FIG. 4. XRD results of ITO/V2O5/

Glass, V2O5/Glass, V2O5/ITO, and

V2O5/Sapphire structures at annealing

temperatures of (a) 280 �C and (b)

400 �C.

FIG. 5. SEM images of V2O5 nanoribbons on the silicon substrate (cited

from Ref. 24).
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using the conjugate-gradient method35 with the use of a sin-

gle gamma k-point.

Three different phases of V2O5 have been modeled to

evaluate their oxygen vacancy formation energies, including

a-phase, b-phase, and xerogel phase V2O5�0.5 H2O. The

value of n¼ 0.5 was chosen according to the TGA measure-

ments at the optimized annealing temperature of 280 �C. The

atomic structures denoted by distinct oxygen positions are

shown in Fig. 7. Reduced V2O5 calculations were carried out

on the 1� 4 � 2 supercell of V32O79 for a-V2O5 [Fig. 7(a)]

and 2� 2 � 3 supercell of V48O119 for b-V2O5 [Fig. 7(b)].

V2O5�n H2O xerogel consists of bilayer V2O5 layers interca-

lating H2O molecules with an interlayer spacing of 10.49 Å.

The V2O5 �n H2O xerogel structure has been explored exper-

imentally and theoretically in previous works.16,36–39 The

structure of V2O5�0.5 H2O was obtained by first optimizing

FIG. 6. (a) Phase distribution of the

ITO/V2O5/ITO device at annealing

temperature above 280 �C and below

400 �C. (b) Band diagram of the ITO/

V2O5/ITO device without bias vol-

tages. (c) Band diagram of the ITO/

V2O5/ITO device with positive bias

voltage. Oxygen ions migrate into

vacancies in top ITO enhanced by the

applied electric field.

FIG. 7. Atomic structures of (a) a-V2O5, (b) b-V2O5, (c) V2O5�0.5 H2O, type I, and (d) V2O5�0.5 H2O type II.
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the V2O5�H2O structure (2� 4� 1 supercell) reported in

Ref. 37 and removing half of H2O molecules followed by

relaxing the structure again. As the water molecules in Ref.

37 have two different orientations, we have examined the

cases of removing either type of water molecule [Figs. 7(c)

and 7(d)]. An oxygen atom was then removed from the

resulting structure for the oxygen vacancy formation energy

calculations.

The energy of vacancy formation energy was calculated

according to the following equation:

DEV
form ¼ EV � Eprisine þ 1

2
lO2

;

where EV is the energy of the system with a vacancy, Eprisine

is the energy of the system without the vacancy, and lO2
is

the chemical potential of molecular oxygen.40 In a-V2O5,

only the O1 vacancy where the removed oxygen atom is

bonded with a single vanadium atom has been taken into

consideration as it has been reported to have the lowest for-

mation energy.41 The computed formation energy is 1.65 eV,

and it is used as a reference to evaluate how easily the other

structures could generate oxygen vacancies.

The calculated oxygen vacancy formation energies in b-

V2O5 and two types of V2O5�0.5 H2O are listed in Table I.

Note that in the xerogel structures, bridging oxygen sites that

are bonded to multiple vanadium atoms are not considered as

they are less likely to be removed from the system. The lowest

formation energy found in b-V2O5 is 1.604 eV at the O1 site

where the oxygen atom is bonded with a single vanadium

atom. The difference in formation energy compared to a-

V2O5 is only 46 meV, suggesting that both structures have a

similar capability of generating oxygen vacancies. In the first

type of V2O5�0.5 H2O, both O2 and O4 vacancy sites have

lower formation energies than in the a-V2O5 case. In the sec-

ond type of V2O5�0.5 H2O, the formation energies are further

reduced and even become negative in the O4 vacancy site,

implying that the release of oxygen atoms and generation of

oxygen vacancies is a thermodynamically favored process.

Taking a closer look at the resulting structure after removing

the oxygen atom from the O4 site, it is found that one interca-

lated H2O molecule has been attracted to the V2O5 laminar

and filled the vacancy site [Fig. 8(b)]. Due to the heavy recon-

struction occurring after the removal of the oxygen atom, the

energy of the system decreased dramatically.

Our simulation results are in good agreement with the

experiments and the physical models proposed for the

switching mechanism. When intercalated H2O molecules

still exist in the V2O5 film, the interlayer spacing is enlarged

so that the removal of single-bonded oxygen atoms becomes

easier, resulting in a significant decrease in formation ener-

gies of the oxygen vacancy. The negative formation energy

of the oxygen vacancy site (O4) in the type II xerogel struc-

ture also qualitatively agrees with the experimental observa-

tion that the color of fabricated device usually turned from

orangish to greenish after a few weeks, indicating a sponta-

neous reduction of oxidation states. Above the annealing

temperature of 360 �C, H2O molecules have been fully

removed from the V2O5 film so that only a-V2O5 and b-

V2O5 exist. Reversible switching does not occur due to the

relatively high formation energies of oxygen vacancies in

these two compact crystalline phases.

IV. CONCLUSION

In this work, we investigate the effects of post-annealing

temperatures on the switching characteristics of the ITO/

V2O5/ITO device. At low annealing temperatures below

280 �C, intercalated water molecules increase the barrier for

electron transport in the V2O5 xerogel film, thus resulting in

non-linear I-V characteristics and higher switching voltages.

When the annealing temperature is above 300 �C, phase tran-

sition starts to occur at both ITO/V2O5 interfaces: a-V2O5 is

formed at the bottom and b-V2O5 is formed at the top, which

gives a decreased ON/OFF ratio and higher switching vol-

tages. The reversible resistive switching requires the

TABLE I. Energies of formation of oxygen vacancies in b-V2O5 and

V2O5�0.5 H2O.

Vacancy site

Energy of

formation (eV)

Difference

from a-V2O5 (eV)

b-V2O5, O1 vacancy 1.604 �0.046

b-V2O5, O2 vacancy 2.543 0.893

b-V2O5, O3 vacancy 2.034 0.384

V2O5�0.5 H2O type I, O1 2.230 0.580

V2O5�0.5 H2O type I, O2 1.367 �0.283

V2O5�0.5 H2O type I, O3 2.205 0.555

V2O5�0.5 H2O type I, O4 1.302 �0.348

V2O5�0.5 H2O type II, O1 1.186 �0.464

V2O5�0.5 H2O type II, O2 0.957 �0.693

V2O5�0.5 H2O type II, O3 1.819 0.169

V2O5�0.5 H2O type II, O4 �0.628 �1.022

FIG. 8. Atomic structure after removing the oxygen atom and relaxation for

(a) V2O5�0.5 H2O type II, O3 site and (b) V2O5�0.5 H2O type II, O4 site.
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existence of the xerogel phase in the system. The annealing

temperature is optimized at 280–300 �C. Ab initio simula-

tions confirm that the formation energies of V2O5 xerogel

are lower than those of both a-V2O5 and b-V2O5, in agree-

ment with the experimental evidence that reversible resistive

switching only occurs when the xerogel phase still exists in

the V2O5 thin film.
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