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In order to develop nano-devices with much lower power consumption for beyond-CMOS 
applications, the fundamental understanding and precise control of the electronic properties of 
ultrathin transition metal oxide (TMO) films are strongly required. The metal-insulator transition 
(MIT) is not only an important issue in solid state physics, but also a useful phenomenon 
for device applications like switching or memory devices. For potential use in such application, 
the electronic structures of MIT, observed for TMO nano-structures, have been investigated 
using a synchrotron radiation angle-resolved photoelectron spectroscopy system combined with 
a laser molecular beam epitaxy chamber and a scanning photoelectron microscopy system with 
70 nm spatial resolution. In this review article, electronic structures revealed by soft X-ray 
nano-spectroscopy are presented for i) polarity-dependent MIT and thickness-dependent MIT 
of TMO ultrathin films of LaAlO3/SrTiO3 and SrVO3/SrTiO3, respectively, and ii) electric 
field-induced MIT of TMO nano-structures showing resistance switching behaviors due to 
interfacial redox reactions and/or filamentary path formation. These electronic structures have 
been successfully correlated with the electrical properties of nano-structured films and 
nano-devices.
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I. Introduction

In order to realize a sustainable society, we have to 

develop highly efficient green devices such as i) power 

generation devices like fuel cells, solar cells and 

thermoelectric devices, ii) energy efficient devices like 

low voltage field effect transistors (FET), resistance 

random access memory (ReRAM) and graphene FET, and 

iii) energy storage devices like Li/Na ion batteries, as 

shown in Fig. 1. For that purpose, knowledge of the 

electronic structures of these devices, together with 

theoretical calculations, is crucial to the design of 

materials and device structures. Types of synchrotron 

radiation analysis, especially soft X-ray electron 

spectroscopy, are playing important roles in analyzing 

the electronic states of nano-structures for such 

devices.

Transition metal oxides (TMO) have attracted great 

attention because of their unique properties such as 

their strong magneto-resistance, which gives them 
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Figure 1. Categories of green nano-devices consisting
of i) power generation devices, ii) energy effi-
cient devices, and iii) energy storage devices.

potential uses as high Tc superconductors, 

photocatalysts, electrodes for solid oxide fuel cells 

(SOFC), cathode materials for Li/Na ion batteries, 

metal insulator transition (MIT) devices, and so on [1]. 

MIT is not only an important issue in solid state 

physics, but also a useful phenomenon for device 

applications like switching or memory devices. MIT can 

be realized by several methods such as chemical 

doping, bandwidth (W) control, thickness control of 

thin films, and electric field- induced carrier doping. 

In order to develop nano-devices with much lower 

power consumption for beyond-CMOS applications, the 

fundamental understanding and precise control of the 

electronic properties of ultrathin TMO films with rich 

physics are strongly required.

Therefore, we have constructed a synchrotron 

radiation angle-resolved photoelectron spectroscopy 

(ARPES) system combined with a laser molecular beam 

epitaxy (MBE) chamber [2] at BL2C of the Photon 

Factory, KEK, and a scanning photoelectron 

microscopy (SPEM) system with 70 nm spatial 

resolution [3] at BL07LSU of SPring-8; using these 

systems, the electronic structures of nano-devices 

such as ReRAM and resonant tunneling devices with 

metal/insulating oxide/ultrathin TMO multilayered 

structures have been investigated.

In this review article, several examples of the unique 

electronic structures of TMO, showing the metal- 

insulator transition that has been revealed by soft X-ray 

nano-spectroscopy, are introduced. The first example is 

a polarity-dependent interfacial metallic layer formation 

that is observed for LaAlO3/ SrTiO3 [4]; the second 

example is a thickness-dependent MIT that is observed 

for SrVO3/SrTiO3. The third example is an electric 

field-induced MIT based on interfacial redox reactions; 

this MIT appears for Al/Pr0.7Ca0.3MnO3 ReRAM. The 

fourth MIT is an electric field-induced MIT based on a 

filamentary path mechanism; it is observed for CuO and 

NiO nano-wire ReRAM.

II. Novel MIT at LaAlO3/SrTiO3 Interfaces

As the first example of the metal insulator transition 

of TMO, we investigated the mechanism of metallic 

interlayer formation for epitaxially grown LaAlO3/ 

SrTiO3 interfaces. The utilized synchrotron radiation 

angle-resolved photoelectron spectroscopy (ARPES) 

system, combined with a laser MBE chamber, is shown in 

Fig. 2, together with a typical reflection high-energy 

electron diffraction (RHEED) oscillation pattern of the 

specular spot used to precisely control the thickness of 

the TMO thin films. LAO/STO multilayers with an 

AlO2-LaO-TiO2 or AlO2-SrO-TiO2 interface were 

fabricated on atomically flat TiO2-terminated Nb:STO 

(001) substrates in the laser MBE chamber. During 

deposition, the substrate temperature was kept at 700oC, 

and the oxygen pressure was 10-5 Torr. For the metallic 

LAO/TiO2-STO interface, we directly deposited LAO 

layers on the STO layer, while LAO/SrO-STO was 

fabricated by depositing an SrO monolayer between the 

LAO and STO depositions. These samples were 

subsequently annealed at 400oC for 1 h.

In order to investigate the band discontinuity, we 

measured the shift of the Ti 2p core level as a function 

of the LAO overlayer thickness for the metallic 
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Figure 2. Synchrotron radiation angle-resolved photo-
electron spectroscopy (ARPES) system com-
bined with a laser MBE chamber together with
typical reflection high-energy electron dif-
fraction (RHEED) oscillation of the specular 
spot.

Figure 3. Ti 2p photoelectron spectra (a) for LAO/STO
with 0 ML and 6 ML of LAO overlayers for 
metallic LAO/TiO2-STO interfaces and in-
sulating LAO/SrO-STO interfaces, and (b) a 
schematic band diagram of the metallic 
LAO/STO hetero-interface.

LAO/TiO2-STO interface as well as for the insulating 

LAO/SrO-STO interface. The degree of band bending 

induced by the deposition of LAO on STO can be directly 

determined from the core-level shifts of each layer. The 

metallic LAO/TiO2-STO interface clearly shows a peak 

shift toward higher binding energy as the LAO overlayer 

thickness increases; the shift is nearly saturates above 

4 ML, as shown in Fig. 3(a) [5]. On the contrary, the 

insulating interface shows no detectable shift. Judging 

from the saturation level of the core-level shifts, the 

energy shift due to band bending for the metallic 

interface was found to be -0.25 eV. These results 

strongly suggest that the CBM in STO at the metallic 

interface is located at nearly EF, because the conduction 

band minimum (CBM) in STO is located at 0.2∼0.3 eV 

above EF.

Based on these results, a schematic band diagram of 

the metallic LAO/STO hetero-interface is illustrated in 

Fig. 3(b). The existence of a notched structure inside 

the STO layers suggests a mechanism for the metallic 

interlayer formation. Since the polar LAO layers have 

alternating +e/-e charge sheets, where e is the electron 

charge, the stacking of the LAO layer on nonpolar STO 

produces a positive electric field, causing an electric 

potential that diverges with an increase in the LAO 

overlayer thickness. However, divergence catastrophe 

can be avoided by the formation of a long-range electric 

potential inside the STO, whose spatial variation is 

governed by the carriers in the STO layers. Thus, the 

accumulation of electrons in the notched structure 

produces metallic states at the LAO/STO hetero- 

interface, where the electrons may be generated by 

oxygen vacancies in the STO layers [6]. This unique 

interfacial conducting layer formation can be applied to 

switching devices just as can the conductive channel of 

a ferroelectric field effect transistor after voltage 

application [7]. 

III. Thickness-dependent MIT at 

SrVO3/SrTiO3 and Novel Quantum Well 

States for Ultrathin SrVO3 Films

The second example is a thickness-dependent MIT 

caused by the reduction of the effective coordination 

number in constituent ions, resulting in a reduction of 
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Figure 4. Valence band spectra of SrVO3 ultrathin films
grown onto Nb:STO substrates by digitally 
controlling the SVO layer thickness together
with a schematic drawing of band structure 
change with increasing the SVO thickness.

effective W which drives MIT in conductive TMO. Here, 

we have chosen a typical 3d1 perovskite material SrVO3 

(SVO) showing metallic behavior as the thickness- 

dependent MIT system; we have investigated how 

spectral function changes with dimensionality [8]. 

Digitally controlled SVO ultrathin films were grown onto 

atomically flat TiO2-terminated 0.05 wt% Nb-doped 

SrTiO3 (Nb:STO) substrates in the laser MBE chamber. 

During deposition, the substrate temperature was kept at 

900oC under an ultrahigh vacuum of 10-8 Torr. In order to 

avoid the degradation of the SVO surface on exposure to 

air [9], we transferred the samples in-vacuum.

Valence band spectra of SVO ultra-thin films 

grown onto Nb:STO substrates by digitally 

controlling the SVO layer thickness are shown in Fig. 

4 [10]. The valence band mainly consists of three 

structures with two prominent O 2p-derived 

structures at 3.0∼9.0 eV of binding energy [11], and 

a structure near EF that is assigned to the V 3d states 

by V 2p-3d resonant photoemission spectra. Because 

the valence band spectrum of Nb:STO exhibits a band 

gap of 3.2 eV below EF, the V 3d states are well 

confined in the quantum well (QW) structure formed 

between the vacuum (surface) and the substrate 

(interface) [12]. Thicker SVO films clearly show two 

peaks of the V 3d states. One peak located precisely 

at EF corresponds to the coherent (quasiparticle peak) 

part; the other broad peak centered at about 1.5 eV 

corresponds to the incoherent (the remnant of the 

lower Hubbard band) part [13]. This feature is similar 

to that of the bulk crystal reported previously [14].

Next, using in situ PES, we investigated the changes 

in the electronic structure of SVO ultrathin films as a 

function of the layer thickness. By decreasing the film 

thickness to decrease the effective bandwidth due to 

the dimensional crossover from 3D to 2D, a pseudogap 

is formed at EF owing to the spectral weight transfer 

from the coherent part to the incoherent part. The 

pseudogap finally evolves into an energy gap, 

resulting in a dimensional-crossover-driven MIT. The 

layer DMFT (dynamical mean-field theory) [15] can be 

used to describe the correct trend of the observed 

spectral behavior, except for the pseudogap formation 

at an intermediate value of the slab number N and a 

smaller quasiparticle weight in the heavily metallic 

regime. Details are described in ref. [10].

After this, using in situ ARPES to reveal the orbi-

tal-selective quantization, which may be the origin of 

the thickness-dependent MIT in SrVO3 ultrathin films, 

we investigated the electronic structures of quantum 

confinement for strongly correlated oxide SrVO3 ul-

trathin films. SrVO3 is a typical Fermi-liquid metal 

with a simple 3d1 configuration [16]. The metallic V 3d 

states located near EF in SrVO3 ultrathin films are ex-

pected to be highly confined in the QW structures.

Figs. 5(a) and (b) provide AFM and TEM images of 

the SrVO3/SrTiO3 samples, respectively. The band 

structures along the Γ-X direction consist of three 

bands; there are two degenerate parabolic dispersions 

derived from the dxy and dzx states and one nearly 

nondispersive dyz state [17]. When the SrVO3 film 

becomes sufficiently thin, the bands derived from dzx 

and dyz are expected to form quantized states because 

these orbitals expand along the z direction. On the 
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Figure 5. AFM (a) and TEM (b) images of SrVO3/SrTiO3

samples. (c) ARPES spectra for SrVO3 ultra-
thin films with different overlayer thicknesses
obtained at the (0, 0) point. (d) Binding en-
ergies as a function of the SrVO3 film thickness.

Figure 6. (a) Band dispersion of the subbands formed
for the 8-ML SrVO3 ultrathin film, and (b) a
schematic illustration o the orbital-selective 
quantization.

other hand, the dxy state remains unchanged because 

of its 2D character in the xy plane. 2D QW states in 

metal films have been studied using ARPES [18]. Fig. 

5(c) shows the ARPES spectra for SrVO3 ultrathin films 

with different overlayer thicknesses obtained at the 

(0, 0) point [19]. With increasing thickness, one 

additional peak appears after another in the ARPES 

spectra at EF; the peak positions shift toward higher 

binding energies. The peak shift apparently converged 

around 500 meV, corresponding to the bottom of the V 

3d conduction bands [20]. In order to more clearly 

show the dependence of the quantized electronic states 

on the film thickness, the binding energies were 

plotted as a function of the SrVO3 film thickness, as 

shown in Fig. 5(d); this is called a structure plot. It 

should be noted that the experimental binding energies 

are well reproduced by calculations based on the 

phase-shift quantization rule.

The orbital-selective quantization of the QW states can 

be seen in the in-plane band dispersion determined using 

ARPES. The band dispersion of the subbands formed for 

an 8-ML SrVO3 ultrathin film is shown in Fig. 6(a); a 

schematic illustration for the orbital- selective 

quantization is shown in Fig, 6(b). Two types of subbands 

were observed for the band dispersion along the Γ−X 

direction: one is a parabolic band, which approaches and 

eventually crosses EF with increasing distance from the 

point Γ; the other is a nearly flat band. However, only 

parabolic subbands were observed along the X-M 

direction. It should be noted that orbital-selective 

quantization has important implications for 

thickness-dependent MIT in SrVO3 ultrathin films of less 

than 4 ML [10]. In the structure plot, the quantization 

states did not exist in occupied states below 2 ML. This 

thickness corresponds to the critical thickness at which 

MIT occurs in SrVO3 thin films, suggesting that the 

thickness-dependent MIT in SrVO3 ultrathin films is 

related to the orbital-selective quantization effect. 

IV. Electric Field-induced MIT for Metal 

Electrodes/Pr0.7Ca0.3MnO3 (PCMO) 

Interfaces

Transition metal oxides have also attracted great 

interest because TMO thin films sandwiched by metal 

electrodes show unique resistance switching (RS) 

behavior, a kind of metal-insulator transition, which 

can be applied to resistance random access memory 
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Figure 7. I-V characteristics for Al/PCMO and Pt/PCMO
ReRAM samples.

Figure 8. (a) Al-deposition thickness dependence of 
Al 2p core-level PES spectra for Al/PCMO 
structures, and (b) Mn L2,3 XAS spectra for 
Al/PCMO, Pt/PCMO, and PCMO films.

(ReRAM). However, RS mechanisms have not been 

fully understood yet, which hampers the development 

of ReRAM devices. The RS mechanisms can be mainly 

classified into two scenarios, namely the redox reaction 

mechanism at metal/TMO interfaces, including Schottky 

barrier modification and/or hopping through interfacial 

defects, and the filamentary path formation/ destruction 

mechanism. For the former case, we investigated the 

redox mechanism in terms of the chemical and electronic 

structures at the metal electrodes/Pr0.7Ca0.3MnO3 (PCMO) 

interfaces by in situ photoelectron spectroscopy and x-ray 

absorption spectroscopy (XAS).

PCMO films with a thickness of about 40 nm were 

epitaxially grown on LaAlO3 (100) single-crystal 

substrates by laser MBE. Al and Pt electrodes were 

deposited on the PCMO films subsequently in situ by 

radio frequency sputtering. The thickness of the 

electrodes was monitored using a quartz thickness 

monitor. The deposition rates of the electrode metal 

and PCMO are further calibrated by grazing incident 

x-ray reflectivity measurements. Atomically flat 

step-and-terrace structures in PCMO films were 

observed in atomic force microscopy measurements. 

Figs. 7 (a) and (b) show the I-V characteristics of 

the Al/PCMO and Pt/PCMO ReRAM samples, 

respectively [21]. It is quite interesting to note that 

while Al/PCMO shows hysteresis behavior with the 

forming process at positive bias, this is followed by a 

switching from the high resistance state (HRS) to the 

low resistance state (LRS) at negative bias. This 

hysteresis can be used in ReRAM device applications. In 

contrast, Pt/PCMO shows completely Ohmic behavior, 

which is not suitable for ReRAM. As described below, at 

the Al/PCMO interface, some redox reactions might 

occur, resulting in non Ohmic behavior. Such a redox 

reaction between the deposited Al metal and perovskite 

oxide seems to be a common phenomenon [22]. 

Then we measured the Al 2p core-level PES spectra 

and found the Mn L2,3 XAS measurements for the 

Al/PCMO structures. Fig. 8(a) shows the Al-deposition 

thickness dependence of that. At the initial stage of Al 

deposition, a broad peak, derived from Al oxide, is 

observed. The peak’s position shifts toward a higher 

binding energy in the Al thickness of 1∼4 Ål; the peak 

is finally saturated at 75.5 eV. Above the 

Al-deposition thickness of 4 Å, a sharp peak derived 
from Al metal appears at a lower binding energy side. 

The chemical shift between the Al oxide and Al metal is 

approximately 2.7 eV, indicating that the Al oxide 

close to Al2O3 is formed at the interface [23]. With a 

further increase in the Al deposition, the intensity 

ratio of the Al oxide peak to the metallic peak 
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Figure 9. (a) SEM image of the Pt/CuO/Pt device obtained
after the forming process. (b) Chemical PEEM 
image obtained by dividing the intensity of the
PEEM image recorded at photon energies of 
932.6 eV by that recorded at 930.3 eV and (c) 
XAS spectra of the reduced regions in the 

bridge structure, “region I”, and CuO channel 
outside the bridge structure, “region II”.

decreases; finally, no oxide peak is observed at the Al 

deposition thickness of 4 nm. These results indicate 

that the deposited Al metal is oxidized only in the 

interface region, not on the Al surface, through the 

redox reaction between the Al metal and PCMO films.

XAS measurements were taken to further confirm the 

difference in the valences of Mn ions for the Al/PCMO 

and Pt/PCMO interfaces. Fig. 8(b) shows the Mn L2,3 

XAS spectra for Al/PCMO, Pt/PCMO, and PCMO films. 

For the PCMO film, the XAS spectrum indicates that the 

mixed valences of the Mn ions between 3+ and 4+ [24], 

which is consistent with the fact that the Mn ions of 

PCMO have a nominal valency of 3.3+. As expected from 

the Mn 2p spectra, almost the same shape is observed 

for the Pt/PCMO structure, indicating that there is no 

reduced PCMO layer. On the other hand, the shape of 

the XAS spectra dramatically changes after the 

deposition of Al, resulting in the appearance of a sharp 

peak derived from the Mn2+ states at a photon energy of 

641 eV. Comparing these results with the I-V 

characteristics of the electrode dependence of the RS 

behavior, we conclude that the “Al-oxide and reduced 

PCMO”, with a lot of defects caused by the redox 

reaction at the electrode/oxide interface, is responsible 

for the RS behavior. Considering the fact that current I 

is proportional to Vn with n greater than 2, the RS 

mechanism can be explained by the flow of trap 

controlled space charge limited current [25] through 

defects in the “Al-oxide and reduced PCMO” interlayers, 

where Mn is detected by angle-resolved photoelectron 

spectroscopy and in- depth analysis using the 

maximum entropy method [26].

V. Electric Field-induced MIT for 

Pt/CuO/Pt and Pt/NiO Nano Wire/Pt 

Devices

In the final case, which is the filamentary path RS 

mechanism, we analyzed the electronic structure in 

planar-type Pt/CuO/Pt and Pt/NiO/Pt devices 

fabricated on SiO2 films on Si substrates. ReRAM 

devices with both CuO and NiO can reportedly be 

explained using the filamentary path mechanism. 

Planar-type Pt/CuO/Pt devices with a CuO channel 

having a width of 3∼15 μm and a thickness of 2.6 μm 

were fabricated on SiO2/Si substrates by radio- 

frequency magnetron sputtering. In order to prevent 

the surface reduction of CuO films that occurs due to 

Ga+ irradiation, O2-ambient annealing after lithogra-

phy was carried out at 300oC for 1 h. Projection-type 

photoemission electron microscope (PEEM) measure-

ments were performed using a high spatial resolution 

PEEM ELMITEC LEEM III installed at BL17SU of 

SPring-8; the device is equipped with a magnetic lens 

and an energy filter. The lateral resolution of the PEEM 

images, obtained using the synchrotron-radiation 

source, was higher than 80 nm. The PEEM images were 

recorded at photon energies corresponding to the Cu L3 

absorption edge.

Fig. 9(a) provides an SEM image of the Pt/CuO/Pt 

device obtained after the forming process. A bridge 

structure with a width of approximately 2 μm was 
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Figure 11. Schematic nano-wire device structure with 
planar configuration consisting of two Pt 
electrodes and a Ni nano-wire (a); cur-
rent-voltage characteristics of the nano-wire 
device (b); and pin-point photoelectron 
spectra of the nano-wire under initial, HRS, 
and LRS conditions (c).

Figure 10. SPEM system, called “3D-nano-ESCA”, made
using a zone plate X-ray lens; spatial reso-
lution measured with a poly-Si gate LSI pat-
tern on HfO2/Si. 

observed between the Pt electrodes at the center of the 

area enclosed by the dashed line. Fig. 9(b) shows the 

chemical PEEM image, which was obtained by dividing 

the intensity of a PEEM image measured at a photon 

energy of 932.6 eV by that of a PEEM image measured 

at 930.3 eV [27]. The photon energies of 930.3 and 

932.6 eV correspond to the Cu L3 absorption edges of 

the CuO states and the reduced states Cu2O and/or Cu 

metal, respectively [28]. The XAS spectra of the 

reduced regions in the bridge structure and in the CuO 

channel outside the bridge structure, which are 

indicated as “region I” and “region II” in Fig. 9(b), 

respectively, are shown in Fig. 9(c). Peaks A and B 

were assigned to the Cu L3 absorption edge of the CuO 

states and of the reduced states, respectively. Cu2O 

and/or Cu metal were the main components of region I, 

while the component that originated from CuO was the 

dominant one in region II, strongly suggesting that the 

bridge structure is formed as a result of the reduction 

in the CuO channel that occurs due to the forming 

process. However, there was no significant difference 

in the chemical-state distribution between LRS and 

HRS within the experimental resolution; this lack of 

difference may be due to the lack of spatial resolution 

of this PEEM measurement.

Therefore, in order to directly observe the 

difference between LRS and HRS in terms of electronic 

state, we developed a SPEM, which is shown in Fig. 10. 

We used a metal nano-wire device exhibiting 

unipolar-type RS phenomena, which are usually 

observed for binary oxides. The nano-wire device 

structure has a planar configuration consisting of two 

Pt electrodes and an Ni nano-wire, as illustrated in 

Fig. 11(a). The Ni nano-wire device, designed to mimic 

the filamentary metallic path, was fabricated by 

e-beam lithography and lift-off processes. First, a Pt 

film with a thickness of 30 nm was deposited onto an 

SiO2/Si substrate with Au pads, which served as 

electrodes. An Ni nano-wire pattern was then formed 

by e-beam deposition to bridge the electrodes. The 

wire width, length, and thickness were estimated and 

found to be 340 nm, 2.7 μm, and 58 nm, respectively. 

The current-voltage characteristics of the device were 

measured at room temperature in air. SPEM 

measurements were carried out using the 3D nano- 
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ESCA system installed at BL07LSU of SPring-8. The 

lateral resolution at the photon energy of 1000 eV was 

set to 100 nm.

Fig. 11(b) shows the current-voltage characteristics 

of the nano-wire device. At first, the Ni nano-wire 

shows metallic conductivity with a resistance of 120 Ω  

With the first application of voltage, the current 

through the nano-wire drastically drops to 1.8 V, 

showing that the nano-wire switches to the HRS with 

a resistance of 13 MΩ. After the first voltage sweep 

cycle, the nano-wire switches from the HRS to an LRS 

at 2.8 V with the second application of voltage. In the 

LRS, the nano-wire shows metallic conductivity again, 

with a resistance of 260 Ω, which is about twice the 

initial value, suggesting that about half of the cross 

section in the nano-wire might be reduced to Ni metal. 

Then, we performed pinpoint PES measurements on the 

nano-wire to investigate the changes in its electronic 

structure at HRS and LRS.

We measured the valence band spectra for high 

energy-resolution and high S/N-ratio on the nano- 

wire under initial, HRS and LRS conditions, with 

results as shown in Fig. 11(c) [29]. A large DOS at EF, 

derived from the Ni 3d states of the Ni metal, can be 

observed in the initial state, indicating that the Ni 

nano-wire mainly consists of Ni metal. After the first 

application of voltage, the Ni metallic wire is oxidized 

either by Joule heat oxidation [30] or by anodic 

oxidation [31], resulting in a switch to an insulating 

NiOx phase with the HRS. In the HRS, the DOS at EF 

completely disappears from the valence band 

spectrum. The valence band PES spectrum for the HRS 

is nearly identical to that observed for the NiO crystal 

[32], suggesting that the nano-wire almost completely 

changed to NiO in the HRS.

According to the assumption that the nano-wire in 

the LRS consists of a mixture of Ni metal path and NiO 

insulator, we tried to reproduce the PES spectrum near 

EF in the LRS by linear combination of the spectra in 

the initial state and HRS. Because our measurements 

used only soft X-ray photoemission techniques can 

were only able to probe the surface region to a depth of 

around 3 nm, our results suggest that the Ni-metal 

paths must have formed in the inner core of the 

nano-wire covered with surface oxide layers in the 

LRS.

Thus, soft X-ray nano-spectroscopy can provide us 

with very useful information on the electronic 

structure, which can be well correlated with device 

performance and electronic properties. Our SPEM, 

3D-nano-ESCA has also been applied to other green 

devices such as low voltage Si LSI [33], carbon-related 

cathode catalysts for polymer electrolyte fuel cells 

(PEFC), graphene FET [34-36], and organic FET and 

cathode materials for Li ion batteries [37]. Much better 

spatial resolution SPEM, combined with operando 

analysis during device operation, would open up the 

great possibility of highly efficient green devices in the 

near future.

VI. Conclusions

Metal-insulator transition (MIT) is not only an 

important issue in solid state physics, but also a useful 

phenomenon for device applications like switching or 

memory devices. For this purpose, the electronic 

structures of MIT, observed for TMO nano-structures, 

have been investigated using the synchrotron 

radiation ARPES system combined with a laser MBE 

chamber and the SPEM system with 70 nm spatial 

resolution.

Here, the electronic structures of i) MIT of TMO 

ultrathin films such as LaAlO3/SrTiO3 and SrVO3/SrTiO3 

and ii) electric field-induced MIT of TMO nano-structures 

showing resistance switching behaviors due to 

interfacial redox reactions and/or filamentary path 

formation have been analyzed and successfully 

correlated with the electrical properties of 

nano-structured films and nano-devices. 
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Besides these TMO nano-structures, the soft-X-ray 

ARPES system, combined with a laser MBE chamber 

and a scanning photoelectron microscopy system, has 

been utilized to reveal the electronic structures of 

green devices such as PEFCs, solar cells, Li/Na ion 

batteries, graphene FET, and organic FET in order to 

correlate device performances and electronic structures.
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