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We have investigated leakage conduction transport in an amorphous resistive-switching NbOx
thin film sandwiched between Pt electrodes. The film was grown using a pulsed laser deposition
technique, and showed unipolar-type resistance switching characteristics. The current-voltage characteristics in the initial insulating resistance state (IS) and in the bistable high-resistance state
(HRS) were modeled by using various leakage conduction mechanisms. The electroforming forming process causes dominant conduction mechanisms in the IS and the HRS to differ. Thermionic
emission is observed both in the IS and the HRS, but the thermal activation energy in the HRS is
smaller.
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I. INTRODUCTION
Niobium (Nb) can produce various oxide compounds
with different electrical properties [1]. Among them,
NbO, NbO2 , and Nb2 O5 are well known examples that
show metallic, semiconducting, and insulating electricalphases, respectively. Particularly, insulating Nb2 O5 is a
very versatile material having a large relative dielectric
constant r ∼ 30 [2] and has been actively studied for various applications, including oxygen sensors [3]. As film
deposition technology has made rapid progress, niobiumoxide films with different material properties have been
produced for different purposes by using various growth
methods: sputtering [4], plasma oxidation [5], molecular
beam epitaxy [6], pulsed laser deposition [7], etc.
Reversible resistance switching [8–11] in niobium-oxide
films is another unique feature and has a great potential for developing next generation non-volatile memory
devices. Bistable resistance states between the high resistance state (HRS) and the low resistance state (LRS)
occur after an electroforming process that changes the
initial insulating resistance state into bistable reversible
resistance states. Depending on device structures and
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used electrodes, the resistive switching properties can be
different. One of the performance evaluation factors in
resistive switching memory devices is the ratio of the
HRS to the LRS, which is determined by the leakage in
the HRS.
Whilst the metallic conduction in the LRS is well understood in terms of the conducting filament model [7],
the transport mechanism in the HRS has rarely been
studied, particularly for electroforming effects on the
leakage. Because the resistance switching properties in
oxide materials are determined by the structural configurations of the film, analyzing and comparing the leakage
transport in the initial insulating resistance state (IS)
of the as-grown oxide film and in its HRS after resistive switching would be informative for understanding
the physical origin of the corresponding switching mechanism. In this work, we have investigated the leakage
transport in a Pt/amorphous Nb2 O5 /Pt capacitor structure at temperatures between 10 K and 300 K. We modeled and compared leakage mechanisms in the initial insulating resistance state (IS) of the as-grown sample and
in the bi-stable high resistance state (HRS).
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Table 1. Leakage conduction mechanisms in metal/oxide/metal structures [13].
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J: current density, A∗ : effective Richardson constant, ΦB : potential barrier height,
p E: electric field, e: electron charge, i :
oxide permittivity, d: oxide thickness, ∆Eae : activation energy of electrons, a ≡ e/(4πεi d).

Fig. 1. (Color online) (a) The measured I-V characteristics
in the IS, LRS and HRS in a Pt/NbOx /Pt device. Unipolartype resistive switching is observed after electroforming. The
inset shows a schematic of the Pt/NbOx /Pt device. (b) Comparison of the measured I-V curves in the IS and the HRS in
the low-voltage region, showing that the electroforming process causes the dominant conduction mechanism in the IS and
the HRS to differ. The inset shows the measured I-V curve
in the IS.

II. EXPERIMENTS
A 40 nm-thick amorphous niobium-pentoxide Nb2 O5
film was grown on a Pt/SiO2 /Si substrate by using a
pulsed laser deposition (PLD) technique. A Nd:YAG
solid laser (355 nm wavelength, operated at 5 Hz, and
a laser power of 85 mJ) was used, and the substrate
temperature was 200 ◦ C. The working pressure was 100
mTorr using pure oxygen gas. The base pressure for

deposition was set below 6 × 107 Torr by using a turbomolecular pump. For the transport measurement, 100
nm-thick Pt top electrodes were deposited by RF magnetron sputtering using a lift-off method. The inset in
Fig. 1(a) shows a schematic diagram of Pt/Nb2 O5 /Pt
devices. Two terminal current-voltage (I-V ) measurements were performed by using a standard voltage-source
and current amplifier system over the temperature range
between 300 and 10 K. We applied a bias voltage to the
top Al electrode, with the bottom Pt electrode grounded.
Under forward bias, the potential of the bottom contact,
or substrate, was positive with respect to the top contact.
The structural properties of the as-grown Nb2 O5 film
were examined using X-ray diffraction (XRD), Rutherford back-scattering spectroscopy (RBS), and X-ray photoelectron spectroscopy (XPS). The XRD pattern for the
as-grown NbOx film on a Pt/Ti/SiO2 /Si substrate shows
almost the same pattern in the bare Pt/Ti/SiO2 /Si substrate, implying that the NbOx film is amorphous. Various chemical binding states of the as-grown film were
proven by XPS measurements, and NbOδ (1 < δ < 2),
NbO2 , and Nb2 O5 were found to co-exist in the as-grown
film [12].

III. RESULTS AND DISCUSSION
Before showing the measured I-V characteristics of
the device and discussing the leakage conduction mechanisms, we first describe possible leakage mechanisms in
oxides. Leakage conduction processes in metal-insulating
oxide-metal structures may be largely grouped into two
categories: One is related with the nature of the junction
interfaces; the other is related with the bulk properties
of the insulating oxide films (see Table 1). Whilst the
Schottky emission belongs to the first category, FrenkelPoole emission, space-charge limited and ohmic conduction belong to the second [13]. Besides these, there are
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Fig. 2. (Color online) I-V characteristics with increasing
current compliance from 5 µm to 25 µA. The inset shows
the measured resistance value at –0.3 V as a function of the
current compliance.

a few more conduction mechanisms such as ionic conduction and tunnel emission that may contribute to the
leakage in metal/insulating oxide/metal capacitor structures, but these can be safely ignored here because their
contribution is too small.
Figure 1(a) shows one cycle of unipolar resistive
switching characteristics in the Pt/NbOx /Pt capacitor
structure. Applying a high electric field to the as-grown
film causes its dielectric breakdown, called electroforming process, after which resistive switching between the
low resistance state (LRS) and the high resistance state
(HRS) occurs reversibly [7]. In order to avoid any confusion, the initial high resistance state before the electroforming process will be referred to the initial insulating state (IS). The magnitude of the LRS tends to be
controlled by setting a current compliance limit. The
observed switching characteristics are unipolar-type resistive switching ones whose switching is controlled by
the magnitude of the current in each resistance state.
The IS current-voltage characteristics (see the inset in
Fig. 1(b)) are asymmetric with respect to voltage bias
origin. However, after the forming process, they become
symmetric.
In order to study how the insulating NbOx film becomes electrically transparent, we repeatedly applied an
electric field across the film, increasing the current compliance limit. As seen in Fig. 2, the whole current
level increased, lowering the resistance of the low-voltage
ohmic-conduction region, and eventually the forming
process occurred. This means that the applied electrical
field changes the electrical and the chemical properties of
the NbOx film, altering the dominant leakage conduction
mechanisms in the IS.
Since different leakage conduction processes lead to
different current-voltage (I-V ) characteristics, analysis
of the measured I-V characteristics in the IS and in
the HRS would provide valuable information on how the
Nb2 O5 film and the electronic properties at the junction
interfaces change after the electroforming process. Figure 3 shows the Schottky emission, Frenkel Poole emission, and ohmic conduction plots of the measured I-V

Fig. 3. (Color online) (a) Schottky emission and FrenkelPoole emission plots in reverse-bias polarity. T = 300 K.
(b) Ohmic conduction and Frenkel-Poole emission plots in
forward-bias polarity. T = 300 K.

Fig. 4. (Color online) Measured reverse-bias I-V characteristic in the HRS at various temperatures. The insets show
the ohmic conduction and the Frenkel-Poole emission plots.

characteristics in the IS. For reverse-voltage polarity, the
Schottky emission and the Frenkel Poole emission are
well fitted below 0.1 V and above 0.1 V, respectively.
However, for forward-voltage polarity, the ohmic conduction is well fitted below 0.1 V. Good straight lines in
the given voltage regions indicate that the measured I-V
characteristics are dominated by the proposed transport
mechanisms. The asymmetric I-V characteristics in the
IS (see the inset in Fig. 1(b)) support the idea that the
dominant leakage conduction mechanism in each bias polarity should be different.
Figure 4 shows the low-voltage current characteristics
in the reverse bias region at different temperatures. After
the forming process, the low-voltage Schottky emission
transport in the IS changes to ohmic-conduction transport in the HRS. The insets show the ohmic-conduction
and the Frenkel-Poole emission plots at 300 K. This observation provides valuable information on the effects of
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modeled by Schottky emission, Frenkel-Poole emission,
and ohmic conduction. The electroforming process
causes the dominant leakage conduction mechanisms in
the IS and the HRS to differ. Thermionic emission is
observed both in the IS and the HRS, but the thermal
activation energy in the HRS is smaller.
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Fig. 5. (Color online) ln(I) versus 1/kB T curves taken
at 0.08 V, 0.2 V, and 0.3 V in the IS and in the HRS. The
extracted thermal activation energies, Φ, in the IS and the
HRS are ∼200 meV and ∼95 meV, respectively.

the electroforming process on leakage conduction. Because the Schottky emission transport and the ohmicconduction transport are mainly determined by the microscopic nature of the junction interface and by the bulk
properties of the oxide film, the change from Schottky
emission to ohmic conduction means that the chemical
and the electronic properties of the bulk NbOx are altered after the electroforming process.
Figure 5 shows the temperature dependences of the IS
and the HRS leakage currents in the same sample. Both
states show thermal activation behaviors with different
thermal activation energies, Φ, in the high-temperature
region above 150 K, but their currents saturate in the
low-temperature region. Because the thermal activation energy is determined by the nature of defects in
the NbOx film, the observed different thermal activation
energies in the IS and in the HRS imply that the electroforming process changes the nature of defects. This is
consistent with the XPS analysis of the NbOx film before
and after the electroforming process [12].

IV. CONCLUSION
We have investigated leakage conduction transport in
Pt/NbOx /Pt resistive switching devices. The currentvoltage characteristics in the initial insulating resistance
state (IS) and in the high-resistance state (HRS) are well
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