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Programmable diode/resistor-like behavior of
nanostructured vanadium pentoxide xerogel
thin film

Zhenni Wan,* Robert B. Darling and M. P. Anantram

Electrical properties of a Cr/V2O5/Cr structure are investigated and

switching of the device due to electrochemical reactions is observed

at low bias (o1 V). Depending on the polarity of the first applied bias,

the switched device can behave like a diode (forward sweep first)

or a resistor (reverse sweep first). The switching is irreversible and

persistent, lasting for more than one month. By performing environ-

mental tests, we prove that water molecules in the atmosphere and

intercalated in the xerogel film are involved in the electrochemical

reactions. It is proposed that an interfacial layer with reduced

oxidation state forms at the Cr/V2O5 interface, and creates a higher

Schottky barrier due to rise of electron affinity. Different interfacial

layer thicknesses in forward and reverse first sweeps are responsible

for different I–V characteristics in subsequent sweeps. The results

suggest future applications of these V2O5 thin films in low-power

read-only memory devices and diode-resistor networks.

Introduction

Vanadium pentoxide has been intensively studied over the past
few decades due to its special electrical and chemical properties.
Its orthorhombic layered structure offers a large capacity for
conducting and intercalating metal ions, especially lithium and
sodium ions, for which it can be used as a cathode material in
lithium-ion batteries.1,2 A persistent and reversible electrochromic
effect is also observed in V2O5 structures, resulting from inter-
calation and extraction of ions.3 In particular, Iwanaga performed
nano-scale patterning of V2O5 thin films by conducting AFM in air
without depositing other ionic compounds as a charge source,4,5

suggesting that electrochemical reactions involving water mole-
cules are possible in a plain V2O5 film.

Electron transport properties of crystalline V2O5 are commonly
characterized by small polaron hopping (SPH). V4+ atoms
(vanadium atom with a valence of four) created by thermal
agitation and crystal defects induce extra electrons in the

system, and electronic conduction occurs by means of
electron hopping accompanied by a traveling lattice distortion.
Therefore, the conductivity of V2O5 can be enhanced by several
orders of magnitude after ion intercalation, which significantly
increases the concentration of V4+ states. Switching behavior
has also been reported in V2O5 xerogel due to the creation
of a conductive channel.6 However, the application of V2O5 as
a potential memory material employing its electrochemical
properties has not yet been exploited so far.

V2O5 nanostructures, including nanowires, nanoribbons and
nanofibers, have attracted increasing attention recently, and are
used in multiple electrical devices such as field emitters,7,8 field
effect transistors,9 sensors10–12 and photodetectors.13 Nanoscale
structures usually have higher surface to volume ratios, thus
making it easier for electrochemical reactions to occur. One of
the easiest ways to construct V2O5 nanostructures is through the
sol–gel process. Nanoribbons are formed in deionized (DI) water
during a melt-quench process. After the gel is dispersed on the
substrate and dried, most physically and chemically bonded
water molecules evaporate, leaving a thin V2O5 xerogel film
consisting of entangled nanoribbons.14 Recent research has
shown that such xerogel films with nano-scale roughness and
porous surface could significantly enhance the electrochemical
reaction capability compared to crystalline V2O5.15,16

In this work, we investigate the electrical properties of a Cr/
V2O5–gel/Cr device structure and observe abrupt switching in
the current–voltage characteristics within a low bias amplitude
of 1 V. Interestingly, the switched electronic behavior of the
device is controlled by the direction of the first applied
bias: one is diode-like and the other is resistor-like. Such
switching is irreversible and persistent, lasting for over one
month. The switching mechanism is studied by performing I–V
measurements within controlled environments and is attri-
buted to electrochemical reactions at the metal/V2O5 interfaces
involving water molecules. An interfacial layer with reduced
oxidation states and thus lower electron affinity appears to
be responsible for the diode-like and resistor-like behavior of
the device.
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Characterization
1. Film synthesis

The V2O5 thin film is synthesized by a sol–gel process. In this
method, V2O5 powder was melted in a fused quartz crucible
in an air atmosphere at a temperature of 800 1C, and held for
15–20 minutes. The melting temperature of V2O5 is 670–685 1C.
Then the melt was poured into DI water at room temperature
and stirred for 1 hour. This process yielded a yellowish color gel,
with V2O5 nanoribbons which have hydrated surfaces suspended
almost homogeneously in water. This gel was applied to different
substrates by a dip coating method. After application, the film
was slowly dehydrated in open air on a hot plate with a fixed
temperature of 40 1C, which resulted in a xerogel film with a
gentle overlapping of the ribbons and thus a good alignment of
the c-axes normal to the plane of the substrate. The film consists
of entangled nanoribbons in the SEM images shown in Fig. 1.

2. X-ray diffraction analysis

The crystal structure of the V2O5 xerogel film was obtained
by Bruker F8 Focus Powder X-ray diffractometer using an X-ray
source of Cu Ka radiation with wavelength of 1.54 Å. Three
samples were annealed for 30 minutes at different tempera-
tures (150 1C, 300 1C and 400 1C). One control sample without
annealing was also tested for comparison (Fig. 2).

One dominant peak which represents the (001) orientation
can be identified in the results, showing a crystalline structure
with randomly aligned ab-planes, but with well-aligned c-axes.
Note that even in the sample without any annealing, this peak
is significant, indicating that the V2O5 nanoribbons have a
good alignment in c-axis. However, compared to bulk V2O5 with
(001) peak at two theta values equal to 20.81, our peaks at 6.91,
7.11, 7.91 and 12.31 all show smaller two theta values at the
(001) peak. This corresponds to a larger interlayer spacing as a
result of the water molecules intercalated between the V2O5

layers.14 Note this is consistent with the fact that an increasing
trend of two theta values is observed as the annealing temperature
increases, which removes more intercalated water molecules.
The full-width half-max (FWHM) of the (001) peak also shrinks
and other small peaks appear while the annealing temperature
increases. This means that the nanoribbons are distinct at first,

but slowly meld together with increase in annealing tempera-
ture, making the structure a more uniform crystalline thin film.

Electrical properties
1. Device structure

A schematic of the tested device structure is shown in Fig. 3.
The device consists of a vanadium pentoxide xerogel thin film
sandwiched by two metal electrodes. The bottom electrode is
fabricated by e-beam metal evaporation. Aluminum with a
thickness of 280 nm is deposited on the silicon substrate,
and then capped with a thin layer of 20 nm of chromium to
prevent oxidation of the aluminum. The V2O5 xerogel thin film
is then deposited by a dip coating process on top of the bottom
electrode. The thickness of the film is uniform and around
900 nm. Surface roughness of the film is characterized by atomic
force microscopy and is around 15 nm (inset of Fig. 1). A top

Fig. 1 SEM image of V2O5 xerogel film synthesized by sol–gel process.
(a) Bulk region of the film. Nanoribbons are entangled and surface is rough.
Inset: Surface height profile extracted from AFM data. Surface roughness is
around 15 nm. (b) Edge of the film. Single nanoribbon can be clearly
observed.

Fig. 2 X-Ray diffraction analysis of V2O5 Film. Samples are annealed in air
atmosphere at different temperatures for 30 minutes. Air dried and 150 1C
annealed samples show similar (001) peaks at around 71 with high FWHM,
indicating that nanoribbons maintain their structures with low strength
annealing. As the annealing temperature increases, the (001) peak
becomes sharper and moves towards higher 2-theta direction, suggesting
that the intercalated water molecules evaporate and nanoribbons dissolve
due to diffusion, making the xerogel film more like crystalline V2O5.

Fig. 3 Schematic of the device structure. The bottom electrode is fabricated
on silicon substrate. The V2O5 xerogel film is then deposited by sol–gel
process. The top electrode is then patterned by shadow mask evaporation.
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electrode dot with diameter ranging from 1 mm to 10 mm is
patterned by a shadow mask during another e-beam metal
evaporation. Note that chromium is also used as the interface
metal in order to make the device symmetric. 260 nm of
aluminum is then deposited to make the top electrode more
robust for probe-station measurements as well as to avoid the
internal stress of Cr which might crack the electrodes. The
aluminum electrode is then capped with another layer of Cr to
prevent oxidation. After the device is fabricated, a clean room
swab with DI water was used to remove the excess V2O5 layer
around the top electrode, in order to eliminate the geometrical
asymmetry in cross sectional area and offer equivalent gas
exposure to both top and bottom interfaces.

2. Current–voltage characteristics in air

The current–voltage characteristics of the device are measured by
a custom-built probe station and a Keithley 2612b source meter
unit. In the measurements, the bottom electrode is grounded
and a voltage bias is applied to the top electrode. Environmental
tests are performed inside a custom designed vacuum chamber
that can be filled with mixtures of different gases.

Current–voltage measurements of the metal–V2O5–metal
structure were first performed in air. The device exhibits a
low-resistance state under low applied bias (200 mV), as shown
in Fig. 4(a). This is characterized as the virgin-state of the
device. Electrical switching occurs for the first time when a
forward cyclic voltage sweep with magnitude of 1 V is applied to
the top electrode. A large hysteresis loop with two distinct peaks
(at 0.3 V and 0.7 V respectively) exists in the I–V curve (Fig. 4(b)),
indicating that the state of the device has been changed.

The mechanism for switching is attributed to the change of
oxidation states at the top electrode/V2O5 interface due to electro-
chemical reactions. In the subsequent voltage sweeps, the I–V
curves behave like a diode with clear rectifying features as well as
a few peaks (Fig. 4(c)). Note that the magnitude of the dominant
peak monotonically decreases in consecutive voltage sweeps,
indicating that the reactants, in this case mainly the V2O5 at the
interface, is being consumed. Further tests under low bias show
that the current has been greatly suppressed (41000 times) with
strong hysteresis after the switching (Fig. 4(d)).

We have observed that different scan rates do not change
the ability to obtain the transition in resistive to diode like
behavior. Fig. 5 shows the I–V measurements with different
scan rates. With higher scan rates (400 mV s�1 and 800 mV s�1),
switching is suppressed in the first scan, implying that electro-
chemical reactions are limited by lack of time. However, repeated
scans yield the same behavior as obtained with a single scan with
a lower scan rate. That is, switching becomes more pronounced
with increasing number of sweeps, further proving the irrever-
sibility of the devices.

Interestingly, the device exhibits an entirely different behavior
when a reverse voltage sweep is applied first. Switching with
similar hysteresis loop is observed in the first reverse sweep and
two peaks show up at �0.3 V and �0.7 V (Fig. 6(b)), implying
that the same electrochemical reaction occurs at the bottom
electrode/V2O5 interface. However, in subsequent sweeps, the
device shows a highly linear I–V characteristics with little
hysteresis; namely a resistor-like state is observed (Fig. 5(b)).
Further bias sweeps with a magnitude of 1 V have little influence
on the I–V curves, indicating that further electrochemical

Fig. 4 Current–voltage characteristics of the device in air atmosphere. (a) Low-bias measurements of the virgin-state. The device is in a high
conductance state and lasts for over one month if no higher bias is applied. (b) Forward-first sweep. Switching of the device occurs and shows two peaks.
(c) Following reverse sweeps. The device remains in a diode-like state with peaks. (d) Low-bias measurements show that device has been switched to the
low conductance state.
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reactions are suppressed. The low bias current shows that the
resistance of the device has increased only by 5–6 times (Fig. 6(a)).
Both the diode-like and resistor-like states of the device last for over
one month when the device was stored in a vacuum desiccator,
suggesting that the switching is irreversible and persistent.

3. Switching mechanism

Vanadium has its highest oxidation state (V5+) in V2O5 and has
the capability of changing its oxidation state in the presence of
reactants and an external electric field. Here, we attribute
the reason for the abrupt switching of the device’s electronic
behavior to reduced oxidation states formed at the Cr/V2O5

interfaces, due to electrochemical reactions involving water
molecules. To prove our hypothesis and further understand
the switching mechanism, I–V measurements were performed
in a controlled environment.

In Fig. 7(a), the device was measured in a vacuum environ-
ment (base pressure o 100 mTorr) for about 5 minutes. It is
observed that the switching still occurs during the first forward
sweep. In the following sweeps (Fig. 7(b)), the rectifying feature
becomes less significant, the hysteresis is reduced and the peak
is suppressed, implying that further electrochemical reactions
are limited. As a comparison, another device was placed in
vacuum for over 2 hours, allowing intercalated water molecules

to evaporate. After evaporation, with applied bias, the device
shows a diminished switching behavior and remains in a high
conductance state after multiple sweeps (Fig. 7(c)), indicating
that the intercalated H2O molecules are responsible for the
switching observed in Fig. 7(a). Air was then passed through a
drying tube that helps remove moisture, and was used to bring
the chamber pressure up to 600 Torr. I–V measurements in dry
air also show that the switching does not occur (Fig. 7(c)),
proving that H2O in the environment is essential for switching to
happen, and the switching of oxidation states is not due simply
to the oxidation of chromium electrodes. Finally, a mixture of
nitrogen and water vapor is passed into the chamber. In a few
minutes, the device is able to be switched again (Fig. 7(d)),
indicating that H2O is sufficient to induce switching. Small
bubbles are observed in all the devices after switching, indicat-
ing that there are gases released in the reactions. Permanent loss
of oxygen is likely to be the reason for the irreversibility of the
switching phenomenon.

So far, it is clear that the presence of H2O molecules is
essential for switching the device. With its layered atomic
structure, V2O5 has the capability of intercalating cations such
as lithium and protons. We now provide a detailed hypothesis
for the resistance change observed. When a voltage bias is
applied to the device, the electric field at the Cr/V2O5 interface
creates protons from the dissociation of H2O molecules (eqn (1)).
Such a reaction does not occur spontaneously, as the dissocia-
tion of H2O is endothermic and requires external energy.17 The
energy is provided by the electric current, which also explains the
long stability of the virgin state. We note that in materials such
as TiO2, the dissociative adsorption of H2O on the TiO2 surface is
an exothermic process in the presence of oxygen vacancies.18 The
main hypothesis in our explanation is that the dissociation
energy of H2O is reduced when H2O molecules are intercalated
in V2O5 layers. The free protons are then driven into V2O5 nano-
ribbons, forming bonds with oxygen (or creating OH� groups),
reducing the oxidation states of V2O5 and forming a HxV2O5 layer
(eqn (2)). At room temperature, the presence of OH� groups
weakens the V–O bonds, making it much easier to remove H2O
molecules and leave oxygen vacancies in V2O5 lattice19 (eqn (4)).
At the chromium interface, OH� groups lose electrons and release

Fig. 5 Sweeps with different scan rates on the same device. 1st sweep has
a scan rate of 800 mV s�1, 2nd sweep has a scan rate of 400 mV s�1,
3rd sweep has a scan rate of 80 mV s�1, and 4th sweep has a scan rate
of 40 mV s�1.

Fig. 6 Reverse-first sweep I–V characteristics. (a) Low-bias measurements show that the resistor-like state has only 5–6 times higher resistance
than the virgin-state. (b) Switching occurs at reverse bias, and shows similar peaks (�0.3 V, �0.7 V) as forward bias case, but turns the device into a
resistor-like state.
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oxygen gas, creating bubbles in the device (eqn (3)). The
complete electrochemical reactions at the Cr/V2O5 interface
are shown below:

H2O = H+ + OH� (1)

V2O5 + xH+ + xe� = HxV2O5 (2)

4OH�–4e� = 2H2O + O2 m (3)

HxV2O5 ¼
x

2
H2Oþ V2O5�x

2
(4)

4. Asymmetry in two interfaces

The asymmetry in the current–voltage characteristics with two
opposite bias polarities indicates that electrochemical reactions
only involve interfacial V2O5 rather than the whole film, otherwise
symmetric electrical characteristics would be observed regardless
of the bias polarity. In our hypothesis, electrochemical reactions
start from the Cr/V2O5 interface to form a V2O5�x layer, and
the thickness of this interfacial layer with reduced oxidation
state grows with increasing number of bias sweeps until
the applied bias cannot supply enough energy for the electro-
chemical reactions to occur. The observed asymmetry still stays
pronounced after the removal of any excess V2O5 layer around the
top electrodes, implying that the asymmetry does not simply arise
from different exposures to the humidity in the environment, but
from the asymmetric synthesis process of the two Cr/V2O5 inter-
faces. Besides, under forward bias bubbles can be observed while
there are none under reverse bias, indicating that electrochemical
reactions are suppressed in the reverse bias case.

The bottom interface is formed during the sol–gel process of
depositing the V2O5 xerogel film, in which case the system is

exposed to air on a slightly heated (40 1C) hot plate for about
5 hours. A very thin native oxide layer grows on top of the
chromium layer during this process, which substantially
reduces the reactivity with the subsequently grown V2O5 xerogel
film. By contrast, the top interface is formed in the e-beam
evaporator chamber under high vacuum, where the incident
chromium atoms impact the V2O5 surface without the presence
of any oxygen, thus creating an interface where Cr is fresh
without being oxidized. During subsequent bias sweeps, if a
reverse bias is applied first, electrochemical reactions occurring
at the bottom interface are restricted by the native oxide on
chromium as it takes more energy for the electrons bound by
OH� groups to overcome the oxide barrier and transfer to the
chromium electrode, resulting in a relatively thin layer of vanadium
oxide with reduced oxidation states. In the case of a forward
sweep first, the un-oxidized chromium allows the electro-
chemical reactions to fully take place until all the reactants
have been exhausted, implying a thicker interfacial layer with
reduced vanadium oxidation states. The asymmetric thicknesses
of these interfacial layers with reduced oxidation states are respon-
sible for the asymmetric I–V characteristics in the resistor-like and
diode-like states of the device.

5. Discussion

In this section, we describe one possible explanation for the
underlying mechanism responsible for the diode-like and resistor-
like behaviors programmed by the polarity of the first applied
bias. Previously it was found that during the voltage sweep,
electrochemical reactions occurred at the Cr/V2O5 interfaces,
introducing a vanadium oxide layer with reduced oxidation
states into the system. It has been reported that reduction of

Fig. 7 I–V measurements in different environments. (a) Sample is in vacuum for 5 minutes. Switching still occurs as if it were in air. (b) The subsequent
sweeps show much less hysteresis and reduced peaks. (c) Sample has been in vacuum for over 2 hours. Switching is highly suppressed due to water
removal. (d) The chamber is vented and the same sample in (c) is tested in nitrogen and water vapor. Switching occurs once again.
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oxidation states in V2O5 will dramatically decrease the electron
affinities of vanadium oxide.20 The band structure of a virgin-
state device is shown in Fig. 8(a). The conduction band energy
of V2O5 is close to the Fermi energy of chromium, forming a low
Schottky barrier (Fb) for electrons. There is also a very thin layer
of chromium oxide on top of the bottom electrode. Note that
the electron affinity (EA) of the chromium oxide is close to the
work function of chromium. Thus in the virgin-state of the
device, the conductance is high and the contact resistance can
be neglected in the low-bias range. When a forward sweep is
applied, protons are driven into the V2O5 layered structure, and
they create oxygen vacancies in the lattice, resulting in a thick
interfacial layer with reduced oxidation states (Fig. 8(b)). The
electron affinity (EA) of such an interfacial layer is much lower
than the V2O5 region, indicating that the conduction band
energy rises and thus a Schottky contact with a higher barrier
(Fb1) for electron injection is formed at the top interface. This
Schottky barrier is responsible for the diode-like behaviors in
the forward-first I–V measurements. This increased Schottky
barrier is consistent with the polarity of conduction that was
observed in the experiments. In the contrasting case of a

reverse-first sweep, similar electrochemical reactions will first
occur at the bottom interface. However, such reactions are
highly limited by the native oxide on the chromium. Therefore,
a much thinner interfacial layer is formed in the reverse-first
sweep (Fig. 8(c)), resulting a thinner Schottky barrier region
through which electrons can easily tunnel. The thin Schottky
barrier region increases the contact resistance at the bottom
interface to a few times larger than the virgin state. In the
following sweeps, the increased contact resistance acts as a voltage
divider that limits the voltage drop at both interfaces, thus
preventing the occurrence of further electrochemical reactions.
Therefore the device remains in resistor-like state.

Conclusion

In this work, we investigate the electrical properties of a metal/
V2O5 xerogel/metal structure and observe that the device can be
switched to diode-like or resistor-like behavior by controlling
the direction of the first applied bias. The forward first sweep
gives a diode-like current–voltage characteristics, while reverse
first sweep results in a resistor-like device. Electrochemical
reactions involving water molecules are responsible for the
switching, and the switching voltage required is low (o1 V).
Both water vapor in the atmosphere and intercalated water mole-
cules in the xerogel film participate in the electrochemical reactions.
The switching is irreversible and persistent.

We suggest that an interfacial layer with reduced oxidations
states is formed after the electrochemical reactions. Loss of
oxygen induces a higher electron affinity in the interfacial layer,
and thus a Schottky barrier with higher height is formed at the
metal/V2O5 interfaces. Such an interfacial layer is thick in the
forward first sweep as top chromium electrode is not oxidized
so that the energy barrier for electrochemical reactions is low,
making the device behave like a Schottky diode. However, the
Schottky barrier is much thinner in the case of reverse first
sweep, due to limited electrochemical reactions resulting from
the native oxide layer on top of the bottom chromium contact.
Therefore electrons can tunnel through the barrier easily,
resulting in a resistor-like behavior. The results suggest future
applications of V2O5 to low-power read-only memory devices
and diode-resistor networks.
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Fig. 8 Band structure of the device. (a) Virgin-state. Chromium has low
work function and thus forms a weak Schottky barrier at the interfaces. The
device behaves like a resistor in the low bias range. (b) Diode-like state. An
interfacial layer with reduced oxidation states forms at the top interface,
creating a stronger Schottky contact. (c) Resistor-like state. An interfacial
layer is formed at the bottom interface, but with thinner width. Electrons
can tunnel through easily.
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