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ABSTRACT: We demonstrate that the inclusion of a Ta interfacial layer is a remarkably
effective strategy for forming interfacial oxygen defects at metal/oxide junctions. The insertion
of an interfacial layer of reactive metal, i.e., a "scavenging" layer, has been recently proposed as
a way to create a high concentration of oxygen defects at an interface in redox-based resistive
switching devices, and growing interest has been given to the underlying mechanism. Through
structural and chemical analyses of Pt/metal/SrTiOs3/Pt structures, we reveal that the rate and
amount of oxygen scavenging is not directly determined by the formation free energies in the
oxidation reactions of the scavenging metal and unveil the important roles of the oxygen
diffusibility. Active oxygen scavenging and highly uniform oxidation via scavenging are
revealed for a Ta interfacial layer with high oxygen diffusibility. In addition, the Ta scavenging
layer is shown to exhibit a highly uniform structure and to form a very flat interface with SrTiOs3,

which are advantageous for the fabrication of a steep metal/oxide contact.

INTRODUCTION

Defect formation at metal/oxide interfaces is gaining increasing importance in electronics
because of its important effects on electronic properties and the emergence of rich interfacial
phenomena. Because the fabrication of a metal/oxide contact is intrinsically accompanied by
changes in the local oxygen concentrations (or valence state of metal ions) via interfacial redox
reactions,' its control is essential for fabricating desired contacts in oxide devices. In addition,
recent investigations have revealed that oxygen defects at metal/oxide interfaces can provide

various functionalities to the junctions, such as the generation of two-dimensional carriers,’



modulation of contact resistance,® and interfacial magnetism.*> Encouraged by these findings, a

method for controlled formation of oxygen defects is being explored.

In the recent developments of valence-change resistive switching memory, many efforts have
been directed toward interfacial defect formation. In resistive switching devices, oxygen defects
serve to modify the carrier concentrations in the insulating layer and mediate reversible changes
in the resistance, which lead to their operations as nonvolatile memory®’ or neuromorphic
devices.® To achieve the locally high concentration of oxygen defects required for these
operations, many methods have been employed to create oxygen defects, such as aliovalent
cation doping, thermal annealing in reducing conditions, and the use of a reactive metal
electrode.®’ In addition to these methods, a new technique for interfacial defect formation has
been recently proposed for resistive switching oxides based on the insertion of a thin (~10 nm)
metal layer at the interface between the inert electrode (Pt or Au) and oxide.” '* The interfacial
layer, termed a "scavenging" layer, has been assumed to act as a reservoir of oxygen defects
through electrochemical reactions with the oxide layer and to improve the reliability of resistive
switching devices by stabilizing the reduced valence state of the oxide.!®!! In addition, the use of
a scavenging layer has enabled advanced operations of resistive switching devices, such as the
induction of quantized conductance'® and the fabrication of a neuromorphic network!” or flexible

memory array.'®!

In many works, the mechanism of oxygen scavenging has been discussed based on the chemical
reactivity between the scavenging metal and oxygen, with the formation free energy of the
reaction product oxide being used as the key parameter.!0 1214151820222 A recent theoretical
study'! proposed that the defect formation energy in the oxide, which determines the rate of the

oxygen scavenging reaction, is dependent on the oxide formation energy of the scavenging metal



and that metals with high formation free energies (e.g., Al, Hf, and Ti) are effective in improving
the switching endurance. Based on these assumptions, Al or Ti have been commonly used as the
scavenging material in the fabrication of resistive switching devices.”!%!®2! However, oxygen
scavenging by metal layers remains a poorly understood phenomenon because of the complex
interfacial motion of oxygen. To optimize the properties of the scavenging layer and achieve

smooth defect formation, detailed investigations of the mechanism are needed.

In fact, recent experimental studies have revealed that a characteristic layer of intermediate oxide
is formed at various metal/oxide interfaces using Ta, Hf, Ti, and their oxides.?> 2 These studies

have demonstrated that the interfacial oxide can generally be formed both at the homoatomic and

5 24,25

heteroatomic interfaces,?> and plays important roles in the resistive switching operations.
These studies have also suggested that the redox reactions at the metal/oxide interfaces occur
through the reactions of the intermediate oxide, and the formation is possible even when it is
energetically unfavorable in the bulk formation free energy.'>2° These facts suggest that the rate
of oxygen scavenging is not simply determined from the formation free energy for the oxide of

scavenging metal, and may have a very different material dependence based on the behavior of

interfacial reactions.

In this study, we investigate the effects of interfacial scavenging layers on the electrical
properties and defect distributions of amorphous SrTiO3 (STO) thin films. We inserted various
metal layers at the top interface of Pt/STO/Pt structures, and the structure and oxygen
distributions were analyzed using high-resolution transmission electron microscopy (HRTEM)
and energy-dispersive X-ray spectroscopy (EDX). We observed that the transport properties of
the STO structures were strongly affected by the scavenging material (M), and the occurrence of

active oxygen scavenging was suggested for the structures with M = Ta. Because Ta has a



relatively large (less reactive) formation free energy for the stable oxide, our results show that
the mechanism of the interfacial reactions have an important impact on the oxygen scavenging
phenomenon at the metal/oxide interface. TEM/EDX analysis revealed the highly uniform
structure and uniform internal oxygen distributions of the Ta scavenging layers, which formed a
flat interface with STO. A model for active oxygen scavenging at the Ta/STO interface was

proposed based on the experimental results.

EXPERIMENTAL METHODS

To evaluate the interfacial scavenging effects, we fabricated test structures of Pt(100 nm)/M(d
nm)/STO(100 nm)/Pt(100 nm) (inset of Figure 1a) on Ti(10 nm)/SiO2/Si substrates using RF
sputtering, where the material (M) and thickness (d) of the scavenging layer were varied as M =
Al, Ti, Zr, and Ta and d = 0-50 nm, respectively. Pure metal targets (for the Pt and M layers) and
a SrTiOs target (for the STO layer) were used for the depositions, and all the layers were
deposited at room temperature in an Ar atmosphere. Also in the subsequent fabrication steps, no
thermal annealing process was performed for the structures. After the depositions of the Pt
bottom electrode and STO layer, an interfacial metal layer of M and a top electrode of Pt were
deposited through a shadow mask to form square-shaped electrodes with dimensions of 100 um
x 100 um. The effects of the scavenging layers on the transport properties were evaluated based
on measurements of the current-time (/—¢) and current—voltage (/-V) characteristics using a
B1500 semiconductor parameter analyzer (Keysight Co, Santa Rosa, CA, USA) by applying
voltages from the top Pt electrode and grounding the bottom Pt electrode. Structural

characterization and chemical analysis of the devices were performed using HRTEM and EDX



on a Titan 3 G2 60-300 (FEI, Hillsboro, OR, USA). The morphologies of the deposited layers
were investigated using atomic force microscopy (AFM) with a Nanocute (Hitachi High-

Technologies Co, Tokyo, Japan).

To investigate the intrinsic mechanism of the interfacial scavenging, the effects of large-scale
defects such as grain boundaries and dislocations, which often facilitate incidental occurrence of
resistive switching both in single crystals and epitaxial thin films,?” should be eliminated. We
thus used amorphous STO, which has recently been reported to have a uniform defect
distribution and good resistive switching characteristics,’ as the oxide layer in our test cell, and
the thickness of STO was set to a relatively large value of 100 nm. STO is also known as a
model material for defect migration with an established mechanism of mixed anionic—electronic
conduction and a relatively high ionic conductivity for oxygen;?®?° these properties are suitable
for studying defect formation. In addition, STO has a large oxygen non-stoichiometry down to
SrTi025,% which enables the investigation of the formation of a high concentration of defects
without matrix decomposition. The amorphous nature and structural uniformity of the deposited
STO layers were confirmed by TEM and X-ray diffraction using a D8 Discover (Bruker AXS

Inc., Madison, W1, USA). In addition, the flatness of the surface of the deposited STO layer was

confirmed using AFM, with a root mean square (rms) roughness of ~0.11 nm.

RESULTS AND DISCUSSION

Our STO films were highly insulating in the initial state, reflecting the absence of grain
boundaries and dislocations. Figure la presents the typical /-t characteristics of the Pt/STO/Pt

and Pt/M(10 nm)/STO/Pt structures with M = Ta and Ti, which were measured by applying
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Figure 1. (a) /-t characteristics of Pt/STO/Pt and Pt/M(10 nm)/STO/Pt structures with M = Ti
and Ta measured with the application of a constant voltage of V'=+15 V. A CC of 0.1 mA was
set by the measurement apparatus. The bottom broken line shows the error limit in the
measurement determined by the cable noise (~1 pA). (b) -V characteristics of Pt/Ta(10
nm)/STO/Pt structure measured after resistance decrease with voltage application of +10 V for

24 s. The arrows and numbers in (b) indicate the sequence of voltage sweeping.

constant voltages of +15 V. The Pt/STO/Pt structure, for which no scavenging layer was inserted,
showed no change in resistance over a long measurement period of 30 min (Figure 1a). Note that

the initial current decrease from ~0.1 nA to ~10 pA originates from the flow of transient



charging currents in the capacitor-like structure, with the current then gradually reaching the
experimental measurement limit (~1 pA). The nature of the Pt/STO/Pt structures remained
insulating even with the application of higher voltages up to £30 V, independent of the bias
polarity. We observed that the insertion of the Ti scavenging layer was not effective for reducing
the device resistance. As observed in Figure la, most of the Pt/Ti(10 nm)/STO/Pt structures
showed no resistance decrease in the /¢ characteristics. Although Ti has been commonly used as
a scavenging material in previous works, we only observed a resistance decrease in the
Pt/Ti/STO/Pt structures in a limited number of samples accompanied by an incidental large
increase in the current (Figure S1a). A similar abrupt current increase was also observed in the /-

t characteristics of Pt/Al/STO/Pt and Pt/Zr/STO/Pt structures (Figure S1a).

However, when Ta was used as the scavenging metal, rather different behaviors were observed
in the /¢ characteristics, and resistance modulation of the STO layer became possible. In the /-
characteristics of the Pt/Ta/STO/Pt structure (Figure la), the coexistence of two types of
resistance changes was observed. In the Pt/Ta/STO/Pt structure, abrupt current increases were
also observed at 40 and 80 s (indicated by the solid arrow), similarly to other M layers. In
addition, a gradual increase in current was observed for the Pt/Ta/STO/Pt structure over the
measurement period of 180 s, as indicated by the dotted arrow. The currents in this structure
finally reached the current compliance (CC) of 0.1 mA (set by the measurement apparatus), and
persistent resistance decrease from the initial value of 10 GQ to 10 M was observed after
reaching the CC. The gradual resistance change was only observed in structures with M = Ta and
became more dominant at lower voltages (< +10 V). The abrupt type of resistance change was
more often observed at /> +15 V (Figure Sla), and the height of the current jump also increased

with increasing voltage. We confirmed that the resistance changes in the Pt/Ta/STO/Pt structure



could not be induced by applications of negative voltages (as demonstrated in Figure S1b for V' =

~15V).

The bipolarity of the /—¢ characteristics suggests the occurrence of electrochemical oxidation of
the Ta layer under positive bias voltages and resulting changes in the oxygen defect
concentrations in the STO layer. An abrupt increase in the current has generally been observed in
the /-t characteristics of various resistive switching materials.?’***! The abrupt resistance
changes have been attributed to the formation of conductive filamentary paths, and the
involvement of the filament formation has been demonstrated for Ag/a-Si/W structures based on
in situ TEM observation.?! However, the gradual current increase observed for the Pt/Ta/STO/Pt
structure is a less common phenomenon. We observed that the defect formation in the gradual
current increase is rather non-local and occurs over a wide area of the interface, as discussed

later.

The -V characteristics of the Pt/STO/Pt and Pt/M/STO/Pt structures did not exhibit resistive
switching behavior in the initial insulating state. Hysteretic /- characteristics, which are a
signature of the occurrence of defect-mediated resistive switching, were observed in the
Pt/Ta/STO/Pt structures after appropriately reducing the resistance through the application of
voltage with controlled amplitudes and times (Figure 1b). This finding confirmed that the Ta
scavenging layer can generate a sufficient amount of oxygen defects for the induction of resistive
switching effects in STO. In the structures with M = Al, Ti, and Zr, however, it was difficult to
induce stable resistive switching because of the poor resistance controllability (easy hard
breakdown by the abrupt current increase). When d was increased from 10 nm, a resistance
decrease occurred at lower voltages in the Pt/Ta/STO/Pt structures, whereas no significant

change in the /- characteristics was observed for M = Al, Ti, and Zr. At d = 50 nm, however,



complete breakdown of the STO layer was easily induced for the Pt/Ta/STO/Pt structures in the
voltage sweeping cycles. We can assume that both the use of an appropriate scavenging material
and control of the relative thickness to oxide layer are of key importance for inducing stable

resistive switching with a scavenging layer.

Figure 2a summarizes the voltage dependence of the yield ratio () of the resistance decrease in
Pt/M(10 nm)/STO/Pt structures measured by applying positive constant voltages with various
amplitudes. Here, the occurrence of the resistance decrease is defined by a current flow of > 0.1
mA in the /-t measurements, and » represents the ratio of devices where the resistance decrease
was observed in the 30-min /~¢ measurements. To statically evaluate the material dependence,
11-42 devices were measured for each data point in Figure 2a. The results reveal that the
structure with the Ta layer had a higher yield of resistance decrease than the structures with Al,
Ti, and Zr, which are popularly used scavenging metals. In the Pt/Ta/STO/Pt structures, nearly
all the measured samples exhibited resistance changes under V' > +15 V, suggesting their high
oxygen scavenging efficiency. The Pt/STO/Pt structures showed no resistance decrease at any
voltage, and the resistance decrease in the Pt/Ti/STO/Pt and Pt/Al/STO/Pt structures occurred in
small numbers (» = 30%) of samples at high voltages. In the Pt/Zr/STO/Pt structures, the

resistance decrease was observed in a moderate number of samples with » =~ 50% at V> +15 V.

The switching time (#w) of the Pt/Ta/STO/Pt structures showed an exponential dependence on
the applied voltage. Here, tsw is defined as the time at which a current flow of > 0.1 mA was
observed for the first time in the /-t measurements. As observed in Figure 2b, tw of the
Pt/Ta/STO/Pt structures exponentially decreased with increasing V. By prolonging the
measurement time to >30 min, we also observed a resistance decrease of > 0.1 mA at lower

voltages of <+10 V. In the structures with M = Al, Ti, and Zr, however, the J dependence of tsw
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Figure 2. (a) Voltage dependence of r of resistance decrease (/ > 0.1 mA) in Pt/M(10
nm)/STO/Pt structures with various M layers obtained from 30-min /~¢ measurements. (b)

Voltage dependence of #w for Pt/Ta(10 nm)/STO/Pt structures.

became obscure (Figure S2). The exponential dependence of #w on V' is known as an intrinsic
behavior of resistive switching materials, where fw is predominated by a single limiting factor

such as interfacial reactions,’? defect nucleation,**

and defect transport in the insulating
layer.3%323* The tsw—V dependence observed for Pt/Ta/STO/Pt structures suggests that the defect

formation in the structures is relatively homogeneous, whereas rather random defect formation is
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suggested for the structures with M = Al, Ti, and Zr, resulting in contributions from multiple

limiting factors and larger distributions of #sw.

The active oxygen scavenging phenomenon observed for Ta layers cannot be explained by
previous models based on the bulk thermodynamic parameters of scavenging materials. In

10-12,14.15.18.20-22 5xygen scavenging effects have been understood based on the

previous studies,
bulk reactivity of metals, with the formation free energy of the stable oxide per oxygen atom

(AG ox: AG'/x for M + xO — MOx + AG) being used as the critical parameter for estimating the
scavenging efficiency. However, this well-accepted model is not valid for our results because Ta
has the largest AG'ox among the materials used in this study (Table 1). The difference in r
between the Pt/Al/STO/Pt and Pt/Zr/STO/Pt structures (Figure 2a) is also unexpected from AG ox
because Al and Zr have similar AGox values. The work function (@) of the metal layer is
recognized as a predominant parameter for interface-type resistive switching®® and determines
the Schottky barrier height at the metal/oxide interface.** However, we confirmed that Schottky
barrier at the M/STO interface only has a small effect on the current transport of our structures
from the /-7 measurements (Figure S3). No clear relationship was also observed between ¢ and
the measured  values (Table 1). The electronegativity (X) of the scavenging metal, which is a
parameter related to AG ox, has recently been proposed as another possible factor contributing to
the scavenging rate.*! This model also fails to explain our observations because Ta has the
largest X in the used materials. These facts suggest that the rate of oxygen scavenging reactions
(or switching voltages and times for resistive switching devices) is not directly determined by
these chemical parameters and that important contributions from the interfacial reaction behavior

are involved in the actual process.
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Table 1. AG ox, ¢, and X of Scavenging Materials

materials AG  ox [kJ/mol]>>-3 @ [eV]’ X8
Al —526 4.28 1.5
Zr -519 4.05 1.5
Ti —441 4.33 1.6
Ta -394 4.25 1.7
Pt —82 5.65 2.1

To elucidate the origin of the unexpected material dependence of oxygen scavenging effects,
structural characterizations of the scavenging layers were performed using HRTEM. TEM
images of the Pt/Ta/STO/Pt and Pt/Ti/STO/Pt structures at the Pt/M/STO interfaces for the
pristine samples are presented in Figure 3. Additional TEM observations confirmed that the STO
layers in both structures were completely amorphous and uniform and that no structural
randomness was observed even after resistance decrease resulting from the application of voltage.
The Pt electrodes exhibited a polycrystalline structure in both structures, where lattice fringes
assignable to the fcc structure of Pt were apparent. In the TEM images of the scavenging layers,
however, clear structural differences were observed depending on the material. The Ta
scavenging layers in the Pt/Ta/STO/Pt structures, where active oxygen scavenging was suggested,
exhibited a highly uniform structure throughout the layer (Figures 3a and 3b). The Ta scavenging
layer also formed a very flat interface with STO (Figure 3a). Figure 3c presents a fast Fourier
transformation (FFT) pattern for the TEM image of the Ta scavenging layer, which corresponds
to a defined part of Figure 3b. Only a diffuse halo pattern was observed in the FFT image,

indicating the amorphous nature of the Ta scavenging layer. In addition, after inducing resistive
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(a) 30 nm

Figure 3. Cross-sectional TEM images of scavenging metal layers at different magnifications
and their fast Fourier transformations in the scavenging layer part for (a—c) Pt/Ta(10 nm)/STO/Pt
and (d—f) Pt/Ti(10 nm)/STO/Pt structures. The dashed lines in (a, d) and (e) are guides for the

eye of the interfaces and lattice fringes, respectively.

switching with the application of V' = +15 V, we observed that the Ta scavenging layers
remained structurally uniform and amorphous. For the Ti scavenging layers, where the lowest

of resistive switching was obtained (Figure 2a), a very different structure was observed in the
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TEM images. The structure of the Ti scavenging layer was polycrystalline and granular, and
randomly oriented lattice fringes were observed in the layer (red dashed lines in Figure 3e). The
FFT image of the Ti scavenging layer in Figure 3f exhibits a circularly distributed pattern of
bright spots, confirming the polycrystalline nature of the layer. The brightest circular spots at

approximately 4 nm!

were assigned to 100 and 002 diffraction from the hcp structure of Ti
metal. No significant diffraction peaks from oxidized TiOx (e.g., peaks at 2.9 nm ™! for anatase or
rutile TiO2) were observed in the FFT image. Therefore, the Ti scavenging layer is considered to
contain a significant amount of crystalline grains of non-oxidized Ti in contrast to the amorphous
structure of the Ta layer. The granular growth of the Ti layer was also observed to affect the

interfacial structure at the M/STO interface: a rough wavy interface was formed between the Ti

and STO layers, as indicated by the red dashed lines in Figure 3d.

Figure 4 shows the AFM surface morphologies of the scavenging layers on STO. These layers
were deposited on STO(100 nm)/Pt(100 nm)/Ti(10 nm)/SiO2/Si structures under the same
conditions as those for the samples for the transport and TEM measurements, without fabricating
the Pt top electrodes. Note that the effect of oxidation from STO layers will be involved in the
morphologies because we observed that the material underneath (STO, Pt, or SiO2/Si) has a large
effect on the morphology (data not shown). The morphologies of the M/STO structures revealed
the presence of a clear material dependence of the scavenging metals. As shown in Figure 4a, the
surface of the Ta scavenging layer was atomically smooth, with a very low rms surface
roughness of 0.14 nm. For the surface of the Ti layers, however, a rough and granular
morphology with an rms roughness of 0.79 nm was observed (Figure 4c). These observations for
Ta and Ti layers are consistent with the corresponding TEM results for Pt/M/STO/Pt structures

(Figure 3). The Zr scavenging layer had a moderately flat surface with rms = 0.25 nm (Figure
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Figure 4. AFM topographic images of (a) Ta/STO/Pt, (b) Zr/STO/Pt, (c) Ti/STO/Pt, and (d)

Al/STO/Pt surfaces with d = 10 nm. The scanned area is 1.0 pm x 1.0 um.

4b), and a very rough structure with rms = 1.77 nm was observed for the surface of the Al
scavenging layer (Figure 4d). The decreasing behaviors of the resistance under the application of
voltage (Figure 2a) were correlated to the smoothness of the M layers (Figures 3 and 4).
Relatively higher » was observed for the smooth scavenging materials (Ta and Zr), whereas

lower r was observed for the rough scavenging materials (Ti and Al).

If the cation migration is not assisted by electric field application, oxidation of a metal film often
results in an increase of the surface roughness depending on the material. This has been
attributed to nonuniform progress of the oxidation resulting from the low oxygen diffusibility of
the elemental metal and metal suboxide. If the internal cation migration and oxygen diffusion is
insufficient, the metal film will be partly oxidized along the preferred orientations, and a
sublattice structure with small surface energy [e.g., (110) of TiO2 and (0001) of Al2O3] will be
preferentially formed on the grain surface.*”** The formation of these preferentially oxidized
planes often leads to a rough film structure, and a granular structure is generally formed in

oxidized Ti and Al thin films.** Therefore, when Ti and Al are used as a scavenging layer,

16



structural coarsening may be inevitable. However, the structural roughness may be suppressed in
Ta and Zr scavenging layers because they have high oxygen diffusibility in metal and metal

suboxide states***

and because relatively isotropic progress is expected for the oxidation. In fact,
recent studies have demonstrated that formation of a highly smooth surface is possible for Ta and
their alloys in the anodic oxidation of metal films.>*>! The smooth structures observed in Figures

4a and 4b are consistent with this assumption and suggest the advantages of these metals in

forming a flat metal/oxide junction.

The EDX results confirmed that the oxygen concentration in the STO layer decreased with the
insertion of the Ta layer without the application of bias voltages (as shown in Figure S4). The
occurrence of effective oxygen scavenging between Ta and STO was demonstrated for the
pristine structures. In addition, we observed that the internal distribution of oxygen in the
scavenging layers has a strong material dependence. EDX mapping of the oxygen K-line
intensity and corresponding high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images of the Pt/M/STO/Pt structures are presented in Figure 5 for
the Pt/Ta(10 nm)/STO and Pt/Ti(10 nm)/STO interfaces. Figures 5a—5c reveal that a large
amount of oxygen was distributed in the Ta scavenging layer at a significantly higher level than
that in the Pt layer, and the distributions are rather uniform. This result indicates that the Ta layer
was uniformly oxidized from the STO layer through the scavenging reactions. In the Ti
scavenging layer, however, the internal oxygen distributions were non-uniform. The oxidation of
the Ti layer was observed to occur only near the Pt/Ti and Ti/STO interfaces (Figure 5d and 5e).
The EDX line profiles indicate that the middle part of the Ti layer had a very small oxygen

concentration, comparable to that in the Pt layer (Figure 5f). Most of the Ti layer was thus
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Figure 5. HAADF-STEM images (left panels) and corresponding EDX mappings of oxygen K-
line intensity (right panels) for Pt/Ta(10 nm)/STO/Pt structure (a) in the initial state and (b) after
abrupt resistance decrease after the application of V= +15 V for 460 s [inset in (c)] and Pt/Ti(10
nm)/STO/Pt structure (d) in the initial state and (e) after application of V"= +15 V for 460 s [not
switched, inset in (f)]. Line profiles of EDX oxygen K-line intensity across the (c) Pt/Ta/STO
and (f) Pt/Ti/STO interfaces, which were averaged over 40 nm in the in-plane direction. The
vertical dashed lines in (c) and (f) indicate the positions of the Pt/M and M/STO interfaces

determined from EDX elemental analysis for Pt, Ti, and Ta.

considered to remain unoxidized, which is consistent with the polycrystalline TEM images

(Figure 3e) and thickness independence of the /- characteristics.

The difference in the oxygen distributions observed in the initial state indicates a large difference

in the oxygen diffusibility of the Ta and Ti layers. The high oxygen diffusibility of the Ta layer

18



facilitates oxygen transport from STO to Ta and can be considered the origin of the activation of
oxygen scavenging in the initial state. Recent studies have reported the very high oxygen
diffusibility of TaOx both in amorphous* and crystalline states*’** (3.5 x 107! m?s for
crystalline TaOx at room temperature). The high diffusibility of oxygen has been attributed to
highly equivalent bonding energies of the Ta—O bondings, which permits easy exchange of
oxygen ions*’*°. The "adaptive" structure of TaOx has thus been expected to enable long-range
structural rearrangements of the Ta and O ions and active vacancy migration. The uniform
structure (Figures 3 and 4) and oxygen distributions (Figures 5a and 5c) observed for our Ta
layers are consistent with these theoretical models, and may demonstrate the advantage of such

adaptive-structured materials in oxygen scavenging.

The effects of voltage application on vacancy formation were shown to depend on the type of
resistance decrease observed in the structures. After abrupt resistance decrease with the
application of a relatively high voltage of +15 V (inset of Figure 5c¢), little change was observed
for the oxygen distributions in the Ta and STO layers (Figures 5c). Although such abrupt
resistance decreases have been generally observed in resistive switching oxides with a filament-

273031 our results suggest that a large change in the oxygen amount is not

type mechanism,
induced in this type of resistance change. Figures 5c and 5f show that a small increase of the
oxygen amount is only induced at the Pt/Ta and Pt/Ti interfaces after the abrupt resistance
decrease or equivalent voltage application. This finding indicates that oxygen ions attracted by

positive voltages can arrive at the Pt electrodes through the M layers; however, the reactions with

scavenging metals are not actively induced during the drift motion with a small ionic current.

We observed that the formation of a high concentration of oxygen defects is possible by inducing
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Figure 6. (a) HAADF-STEM images of Pt/Ta(10 nm)/STO/Pt structures in the initial state (left
panel) and after gradual resistance decrease with the application of V= +10 V for 15 h (right
panel). (b) HAADF-STEM image (left panel) and corresponding EDX mapping of oxygen K-
line intensity (right panel) at the Pt/Ta/STO interface after the gradual resistance decrease. (c) It
characteristics under a constant voltage of /' = +10 V measured for the Pt/Ta(10 nm)/STO/Pt
structure shown in (a) and (b). (d) Line profiles of EDX oxygen K-line intensity across the

Pt/Ta/STO interfaces, which were averaged over 40 nm in the in-plane direction.
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a gradual resistance decrease in Pt/Ta/STO/Pt structures using relatively low voltages. Figure 6a
presents HAADF-STEM images of Pt/Ta(10 nm)/STO/Pt structures before and after the
application of +10 V for 15 h. During the voltage application, a gradual increase of the current to
0.4 mA was observed in the /-t characteristics (Figure 6¢). After the resistance decrease, a thin
(~10 nm) region at the top of the STO layer darkened in the HAADF-STEM image (right panel
of Figure 6a). EDX analysis (Figure 6b) indicated that these dark regions were deficient in
oxygen compared with the surrounding STO. The contrast change in the HAADF-STEM image
suggests that a large amount of oxygen defects was introduced into the STO layer with current

flow as conductive defect clusters’>>?

and that the gradual resistance change was caused by the
change in carrier concentrations. The oxygen concentration in the Ta layer showed a clear
increase after the resistance decrease (Figure 6d). These results show that a large extent of redox
reactions under bias voltages, reported for the electrode interfaces of resistive switching

oxides, 232454

was induced between our Ta and STO layers. The contrast change was not
observed in the HAADF-STEM images after abrupt resistance decrease (Figure S5). Our results
indicate that the use of an active scavenging metal and sufficiently long current flow time are

essential for the formation of a high density of oxygen vacancies via electrochemical scavenging

reactions.

The material dependence of oxygen scavenging and the effects of voltage application can be
explained as follows (Figure 7). In the Ta scavenging layer with high oxygen diffusibility, the
scavenged oxygen is uniformly distributed and a uniform layer of amorphous TaOx is formed by
the room-temperature oxidation in the initial state. A large amount of oxygen will be removed
from the STO by the active oxygen diffusion in Ta, and the oxygen concentration of the STO

layer will decrease without the application of voltage (Figure S4). A flat Ta/STO interface was
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Figure 7. Schematic illustrations of oxygen scavenging processes in Pt/M/STO/Pt structures

with M = (a) Ta and (b) Ti.

also formed because of the structural uniformity of TaOx. When a Ti layer is used for oxygen
scavenging, the scavenged oxygen is inhomogeneously distributed in the layer because of the
low oxygen diffusibility. The scavenged oxygen mainly remains in a narrow region near the
Ti/STO interface, and most of the layer becomes granular Ti because of the partial oxidation
along the preferred orientations. The top Pt/Ti interface is partially oxidized from the grain
boundary diffusion in the Ti layer or the diffusion of atmospheric oxygen through the Pt
electrode.’>>® The granular structure of Ti layer forms rough interfaces in the structure both at

the Pt/Ti and Ti/STO interfaces.

Under the application of positive voltage, oxygen ions drift toward the top Pt electrode and the
STO layer is electrochemically reduced. Recent studies have demonstrated that tantalum cations

also significantly drift in TaOx by voltage applications,?*>*

and the cation migrations facilitate
the oxygen migrations and redox reactions in TaOx. The shorter #w of the Pt/Ta/STO/Pt
structures (Figures 2 and S2) suggests that the field-driven migration of oxygen is faster in Ta

layers due to the help from the tantalum migrations. In addition, because the Ta/STO interface is

flatter, the scavenging reactions may occur over the entire interface and the active area for
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scavenging will be large in Pt/Ta/STO/Pt structures. The electrochemical scavenging reactions
progress with current flow, and gradual decrease of the resistance (Figure 6¢) is induced by the
oxygen defect formation. The abrupt resistance decrease (Figures 5c and S1) is believed to occur
with incidental formation of filamentary paths. The filament formation causes an electrical short-
circuit of the structure and will stop the scavenging reactions without forming a large amount of
defects. In Pt/Ti/STO/Pt structures, the field-driven migration of oxygen will be hindered by the
poor migrations of titanium cations. The granular structure of the Ti layer suggests that oxygen
drifts through the grain boundaries with the application of voltage (Figure 7b). The reduction of
STO will locally occur near the grain boundaries, and filamentary paths are mainly formed by

the application of voltage.

Our results showed that Ta can work as an effective scavenging material due to the active
interfacial reactions.”>?> Although it has been used less often for oxygen scavenging, the
smoothness of the scavenging reactions may offer many advantages for resistive-switching-
device applications, including fast switching time, low switching voltage, and high device yield.
Moreover, the Ta scavenging layer can be used as a promising tool for the exploration of defect-
mediated functions at metal/oxide junctions.”” The use of a Ta interface layer will enable the
fabrication of an ideally flat metal/oxide junction and large modulation of the carrier
concentration at the interface. The interface carriers may cause large changes in the various

interface properties, which are worthy of further exploration.

CONCLUSIONS
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We observed the occurrence of active oxygen scavenging in a resistive switching oxide of STO
with a Ta interface layer. The results revealed that AG ox of the scavenging metal is not the only
dominant parameter in oxygen scavenging and that the oxygen diffusibility and mechanism of
the interfacial reactions of the scavenging metal also plays a critical role in the process. In the
electrical transport measurements for Pt/M/STO/Pt structures, clear resistance decrease was
observed for the structures with M = Ta, where active cation motion has recently been
demonstrated for the suboxide (TaOx). Gradual control of the resistance was also achieved in
Pt/Ta/STO/Pt structures. TEM/EDX and AFM investigations revealed the uniform structure and
oxygen distribution of the Ta scavenging layer, which formed a very flat interface with STO.
The formation of a high concentration of interfacial defects was also observed for Pt/Ta/STO/Pt
structures with the application of voltage. These results provide important insight for future
developments of resistive switching memory with reliable operation and help to extend the

applications of oxygen scavenging phenomena to various oxide devices.
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