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ABSTRACT: Resistive random access memory (ReRAM) has been
proposed as a new application for oxide materials. We have proposed a
Cu electrode/dielectric oxide/bottom electrode stack structure as a
potential ReRAM material that is compatible with the LSI process.
Control of the switching voltage and the initial conductive filament
formation process is beneficial for actual applications. To control the
switching property by controlling the valence state of metals, we
investigated the Ta−Nb binary oxide ((TaxNb1−x)2O5) system as a
dielectric oxide layer using a combinatorial method. A combinatorial pulsed laser deposition method was used to fabricate the
(TaxNb1−x)2O5 system systematically on a Pt/Si substrate. X-ray photoelectron spectroscopy revealed defect formation relating
to Ta and the compensation of oxygen vacancies caused by a change in the valence number of Nb. As the Ta content decreased,
there were a decrease in the threshold voltage of the low resistive state and an enhancement of the leakage current, meaning that
the switching properties can be controlled by controlling the (TaxNb1−x)2O5 system.

KEYWORDS: resistive random access memory, dielectric oxide, X-ray photoelectron spectroscopy,
combinatorial pulsed laser deposition method

■ INTRODUCTION

Resistive random access memory (ReRAM) based on resistive
switching phenomena has attracted a great deal of attention for
next-generation nonvolatile memory applications.1,2 Many kinds
of material combinations and structures have been proposed for
ReRAM applications. A typical resistive switching model is based
on a thermal effect initiated by a voltage-induced partial dielectric
breakdown that forms a discharge filament modified by Joule
heating.3,4 The intrinsic material properties also induce changes
in resistance. For example, the insulator−metal transition in
perovskite oxides, such as (Pr,Ca)MnO3

5−7 and SrTiO3:Cr
8 is

induced by electronic charge injection operations such as doping.
In our research, we focus on the nanoionics model,9 whose
resistive change is based on electrode reactions in solid
electrolytes. This model was originally demonstrated by using
chalcogenide materials, such as AgS and Cu2S.

10−12 The
fundamental unit cell is composed of a solid electrolyte
sandwiched between two conductive electrodes, which are
generally Ag or Cu and Pt. A bias application ionizes the solid
electrolyte and causes the ions to migrate, resulting in the
formation of a conducting path between the two electrodes. The
noteworthy electrical characteristics of these devices are the
bipolar behavior controlled by the polarity of the applied voltage
and their two different (high and low) resistance states. However,
as regards a practical large-scale integration (LSI) process and its
application, chalcogenide materials are incompatible with the
current LSI process owing to their higher vapor pressure, and in
the fact that they contaminate the equipment. To overcome
these problems, an oxide-based ReRAM with the nanoionics
model has been proposed as a new application for oxides.13−17

We also investigated suitable electrode and matrix materials for
the LSI process, and demonstrated the resistance switching
behavior of the Cu/HfO2/Pt system.18−20 There has been
increased interest in the use of high-k dielectric oxides as
potential ReRAMmaterials. Moreover, switching voltage control
is beneficial for actual applications. In terms of controlling the
operating voltage, the matrix materials are critical for controlling
the diffusion of Cu. Metal ions diffuse in a solid electrolyte
through defects or grain boundaries, and an electrochemical
reaction at another electrode, meaning that the matrix materials
should affect the switching voltage.
In this study, to control the metal ion diffusion properties

induced by the oxygen vacancy and the valence of metals, we
investigated the Ta−Nb binary oxide (TaxNb1−x)2O5 system
using a combinatorial method. Both oxides are candidate high-k
materials and have high affinity with the LSI process. The
physical properties of Ta and Nb are similar as regards ion radius,
electronegativity, and oxidation number although they differ in
terms of Gibbs free energy for oxidization (ΔG). On the basis of
the Ellingham diagram, tantalum oxide (TaOx) typically has two
different valence states with the following ΔG values at room
temperature; Ta2O5 (Ta

5+) ΔG = −760.5 kJ mol−1 and TaO
(Ta2+) ΔG = −54.125 kJ mol−1.21 In contrast, niobium oxide
(NbOx) typically has three different valence states with the
following ΔG values at room temperature; Nb2O5 (Nb

5+) ΔG =
−704.8 kJ mol−1, NbO2 (Nb

4+)ΔG =−733.5 kJ mol−1, andNbO
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(Nb2+) ΔG = −773.3 kJ mol−1. These energy differences can be
expected to induce a gradient in the ion diffusion properties of
the (TaxNb1−x)2O5 system.

■ EXPERIMENTAL PROCEDURES
A 100-nm-thick Pt bottom electrode layer was deposited on a Si
substrate by DC sputtering at room temperature. A Ta−Nb
binary oxide film was deposited on the Pt bottom electrode by
combinatorial pulsed laser deposition (combi-PLD) using
similar procedures to the previously reported binary film
deposition as shown in Figure 1a.22,23 A composition-spread

deposition cycle was consisted of two steps. In each one, a mask
with a 7 mm squire shaped hole moved at constant speed from
one side of the substrate to the other by 6 mm, after which the
targets was changed. The maximum film thickness in one cycle
was 0.5 nm. Alternating between steps (i) and (ii) created
composition-spread region with a width of 8 mm (iii). The film
thickness in the composition spread region was a constant 50 nm.
The film thickness in the Ta2O5 and Nb2O5 regions other than
the composition-spread region mentioned as “Region A” in
Figure 1 exhibited a constant decrease from center to edge, which
is unintentionally fabricated due to the hole shape of the mask.
The pulse repetition rate of the KrF excimer laser (Coherent,
COMPexPro 102, λ = 248 nm) was 5 Hz and the laser energy
density was approximately 1.5 J/cm2. During the deposition, the
substrate temperature was maintained at 300 °C. The oxygen
partial pressure was kept at 1 × 10−4 Torr. Figure 1b shows a
sample structure. For current−voltage (I−V) measurements,
200-nm-thick Cu circular top contacts 100 μm in diameter were
deposited by using a metal contact mask and DC sputtering at
room temperature. The metal composition and the surface

morphology were characterized with an X-ray fluorescence
spectrometer (XRF: Shimadzu, μEDX-1400) and atomic force
microscopy (AFM: SII, SPI-4000 with E-sweep). The crystal
structure was identified by X-ray diffraction (XRD). An XRD
system equipped with a 5 kW rotating anode Cu target and a
high-resolution 2D-detector (BRUKER AXS, D8Discover Super
Speed with GADDS) was used to determine the phases and
structure. The 2D-detector system can detect part of the Debye−
Scherrer ring rapidly and two-dimensionally. The I−V measure-
ments were performed with a semiconductor parameter analyzer
(Agilent, B1500) at room temperature. A positive bias was
applied to the top Cu electrode and the Pt electrode was
grounded. The chemical bonding state was evaluated by X-ray
photoelectron spectroscopy (XPS: Thermo Scientific, VG Theta
Probe) using monochromated Al Kα X-rays at an energy of
1486.6 eV. The total energy resolution of the XPS was 700 meV.
To eliminate charging up effects, the sample was neutralized with
a charge neutralizer and grounded to the system, whose energy
coincides with the Fermi level position of Au, by a conductive Cu
tape. The XPS data were calibrated against the Au 4f 7/2 peak
(84.0 eV) and the Fermi level position of Au.

■ RESULTS AND DISCUSSION
Figure 1c and d show a sample photographic image and results of
metal composition measurements by XRF, respectively. In
Figure 1c, the yellow lines indicate the composition spread
region. The XRF measurements revealed that the Ta and Nb
content changes continuously, suggesting that composition
spread samples were obtained.
Figure 2a shows 2D-XRD images of the Ta2O5 and Nb2O5

regions. Ring patterns at 39.8° and 46.2° correspond to the Pt

bottom electrode. The Ta2O5 region exhibited no diffraction
pattern, indicating an amorphous structure. With the Nb2O5
region, the 2D-XRD image showed additional weak ring patterns,
which are indicated by white arrows in Figure 2a and confirmed
as Nb2O5 structure by a 2θ−ω plot as shown in Figure 2b. These
result revealed that the region included a small polycrystalline
phase. The other Ta−Nb binary regions showed the same 2D-

Figure 1. (a) Schematic illustration of composition spread thin film
sample fablication procedures, a composition-spread deposition cycle.
There were two steps: (i) Ta2O5 deposition and (ii) Nb2O5 deposition.
In each deposition, a mask moved at constant speed from one side of the
substrate to the other, after which the targets was changed. Alternating
between steps (i) and (ii) created composition-spread samples with film
thickness of 50 nm (iii). (b) Schematic illustration, (c) photographic
image, and (d) composition mapping measured by XRF of Cu/
(TaxNb1−x)2O5/Pt structure.

Figure 2. (a) 2D-XRD image of Ta2O5 and Nb2O5 regions, (b) 2θ−ω
plot of Nb2O5 region, and (c) AFM images of Nb2O5, (Ta0.5Nb0.5)2O5,
and Ta2O5 regions.
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XRD patterns as the Ta2O5 region (not shown). Figure 2c shows
AFM images of the Ta2O5, (Ta0.5Nb0.5)2O5, and Nb2O5 regions.
The surface morphology also indicated that the thin film
consisted of fine 200-nm grains. The obtained root-mean-square
(RMS) roughness was 7 nm. The (TaxNb1‑x)2O5 regions also had
a similar grained structure. The AFM observation and XRD
characterization revealed that the thin films had many grain
boundaries. This as-deposited Ta −Nb binary oxide film with a
grained structure was used for XPS and I−V measurements.
XPS measurements were performed to investigate the valence

state of the metals and the chemical bonding state of oxygen.
Figure 3a shows XPS intensity mapping for Nb 3d, O 1s, and Ta

4f core level spectra. In the Ta spectra for Ta2O5, Ta 4f clearly
shifted by approximately 0.50 eV toward a lower binding energy
when a small amount of Nb was added. The binding energy for
the TaO bonding state was approximately 2.4 eV lower than that
for Ta2O5.

24 Furthermore, a tail state denoted by an asterisk in
Figure 3b was observed. In Figure 3b, to compare the shape of
the spectra, the spectrum of (Ta0.8Nb0.2)2O5 was offset by +0.5
eV along the x-axis. The inset shows a difference peak that is the
peak of Ta2O5 minus that of (Ta0.8Nb0.2)2O5, which is attributed
to the defective state in Ta2O5.

25 These results suggested a
valence number of 5+ (Ta2O5) for Ta and the existence of the
defective tail state, which is related to both the oxygen vacancy
and the Ta defect. In contrast, with Nb 3d, the changing behavior
of the spectral shape was different from that of Ta 4f. The
asymmetrical shape became pronounced as the Ta content
increased and could be deconvoluted as shown in Figure 3c. The
Nb 3d5/2 spectra at 207.29 and 207.09 eV can be assigned to the
Nb2O5 and NbO2 components, indicating that the valence state
of Nbwas changed by adding Ta.26,27 In theO1s spectra, the total
amount of oxygen increased with increasing Ta content. It can be
assumed that the Nb2O5 region has a higher oxygen vacancy
density than Ta2O5. Additionally the valence of Nb 4+ needs less

oxygen than the valence of Nb 5+, meaning that the
(TaxNb1−x)2O5 region should have fewer oxygen vacancies
than Nb2O5. The oxygen vacancies can be compensated for by
controlling the valence of Nb.
Figure 4 shows typical I−V characteristics for several

compositions. The resistance changed when an applied voltage

was swept from a positive bias to a negative bias, indicating that
there are two different resistive states in the positive and negative
voltage regions; one is a high resistance state (HRS = turn-off)
and the other is a low resistance state (LRS = turn-on). With the
Ta2O5 and Nb2O5 regions, the I−V properties showed poor
leakage properties at the initial state, which corresponded to the
Ta defect or oxygen vacancy state as observed in the XPS results.
Although, the saturation current decreased greatly as a result of
the first formation (turn-on and turn-off) process, the turn off
process exhibited a step structure as shown in Figure 4a and f.
One possible candidate is the Joule heating effect on the oxygen
vacancies in the LRS state. Currently, this step structure cannot
be controlled, meaning that the oxygen vacancy potentially
affects the switching process and makes the formation process
unstable. With the composition spread region, and especially the
Nb-rich region (Figure 4d and e), the initial leakage properties
are better than those of the Ta2O5 and Nb2O5 regions. The LRS
is lower and more stable than the other regions. Furthermore, in
the turn-off process, the I−V property showed a single step
structure. The insets in Figure 4d and e show linear plots of the
I−V characteristic, which indicated linearity. Note that the
oxygen vacancy model relating to the oxygen migration at the
metal/oxide interface shows nonlinear I−V curves during its
formation process,28,29 meaning that, with Cu/(TaxNb1−x) 2O5,
the majority of the conducting paths at the interface should be
metal conducting paths in the oxide (nanoionics model). By
combining the XPS and I−V result, it can be summarized that the
(TaxNb1−x)2O5 with Nb rich content (0 < x < 0.5) regions with
the Cu top electrode is a good candidate for the ReRAM
application.

Figure 3. (a) XPS mapping images for Nb 3d, O 1s, and Ta 4f core level
spectra. (b) XPS for Ta 4f of Ta2O5 (solid line), and (Ta0.8Nb0.2)2O5
(dashed line). To compare the spectrum shape, the spectrum of
(Ta0.8Nb0.2)2O5 were shifted by 0.5 eV. The inset shows the difference
peak, which is the Ta 4f peak of Ta2O5minus that of (Ta0.8Nb0.2)2O5. (c)
XPS for Nb 3d of (Ta0.2Nb0.5) 2O5. The solid lines and open circles show
the experimental spectrum and sum-fitted curve, respectively. The
dashed lines are fitted curves for each bond: Nb2O5 and NbO2.

Figure 4. I−V characteristics of (a) Ta2O5, (b) (Ta0.8Nb0.2)2O5, (c)
(Ta0.6Nb0.4)2O5, (d) (Ta0.4Nb0.6)2O5, (e) (Ta0.2Nb0.6)2O5, and (f)
Nb2O5. The current compliance was set at 100 mA.
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■ CONCLUSIONS
In summary, we have tried using combinatorial synthesis to
control the resistive switching properties of the Cu/
(TaxNb1−x)2O5/Pt structure, whose materials and device
structure are compatible with current LSI technology. The as-
deposited (TaxNb1−x)2O5 film with a grained structure showed
resistive switching behavior. XPS revealed that the valence
number of Nb and oxygen vacancies were affected by the Ta
content. As regards the I−V properties, the valence number of
the 5+ region did not exhibit stable resistive changing behavior in
contrast to the low Ta content region. In particular,
(TaxNb1−x)2O5 with a Nb content above 0.5 did not need
thermal treatment to obtain initial low leakage current
properties, which can reduce the damage caused by the Joule
heating effect. These results suggested that doping Nb2O5 with
Tamakes it possible to control the valence number of Nb and the
resistive changing behavior of the Cu/(TaxNb1−x)2O5 nano-
ionics type ReRAM structure.
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