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This study investigated the electronic structure of SrTi1-xVxO3 (STVO) thin films, which are solid solutions
of strongly correlated transparent conductive oxide (TCO) SrVO3 and oxide semiconductor SrTiO3, using in
situ photoemission spectroscopy. STVO is one of the most promising candidates for correlated-metal TCO
because it has the capability of optimizing the performance of transparent electrodes by varying x. Systematic and
significant spectral changes were found near the Fermi level (EF) as a function of x, while the overall electronic
structure of STVO is in good agreement with the prediction of band-structure calculations. As x decreases from
1.0, spectral weight transfer occurs from the coherent band near EF to the incoherent states (lower Hubbard
band) around 1.0–1.5 eV. Simultaneously, a pseudogap is formed at EF, indicating a significant reduction in
quasiparticle spectral weight within close vicinity of EF. This pseudogap seems to evolve into an energy gap
at x = 0.4, suggesting the occurrence of a composition-driven metal-insulator transition. From angle-resolved
photoemission spectroscopic results, the carrier concentration n changes proportionally as a function of x in the
metallic range of x = 0.6–1.0. In contrast, the mass enhancement factor, which is proportional to the effective
mass (m∗), does not change significantly with varying x. These results suggest that the key factor of n/m∗

in optimizing the performance of correlated-metal TCO is tuned by x, highlighting the potential of STVO to
achieve the desired TCO performance in the metallic region.

DOI: 10.1103/PhysRevB.104.115121

I. INTRODUCTION

Transparent conducting oxides (TCOs) are of great techno-
logical interest for a myriad of applications, notably including
flat panel displays, solar cells, touchscreen sensors, and
other optoelectronic devices [1]. Transparent conduction in
oxide semiconductors, such as Sn-doped In2O3 and doped
ZnO, is realized by degenerately doping electrons in the
conduction band in a wide energy gap above visible light
(3.25 eV) to realize an optimal balance between the two
conflicting properties of optical transparency and electrical
conductivity [1–4]. The optical transparency in low-energy
regions is dominated by the free-carrier reflection edge,
which is represented by the screened plasma energy h̄ωp =
h̄(e/

√
ε0εr )

√
n/m∗, where e, ε0, and εr are the elemental

charge, vacuum permittivity, and relative permittivity, re-
spectively, and n and m∗ are the free-carrier concentration
and effective carrier mass, respectively. The reflection edge
must be minimized by choosing an appropriate ratio of n
to m∗. In contrast to the optical transparency, the electri-
cal conductivity σ = e2τ (n/m∗) with scattering time τ must
be maximized. This fundamental principle makes the ratio
n/m∗ the key factor in optimizing the performance of trans-
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parent conducting materials: the ratio must be maximized
to enhance electrical conductivity but limited to keep the
free-carrier reflection edge below the visible light region.
Doping the semiconductors increases n while maintaining m∗.
However, the highest n achieved in semiconductors is below
3 × 1021 cm–3 owing to the solubility limit of dopants and
pronounced self-compensation [5], although the resultant h̄ωp

is well below the low-energy onset of the visible spectrum.
This limit has prevented performance improvements in TCOs
based on wide-gap semiconductors [3–6].

Recently, a new approach for TCOs has been proposed [7],
taking advantage of the strong electron-electron interactions
in highly correlated transition-metal oxides [7–15], such as
“n-type” SrVO3, CaVO3 [7–11], and SrNbO3 [12] as well
as “p-type” La1-xSrxVO3 [13] and V2O3 [14]. These oxides
essentially have metallic ground states, but the energies of
interband optical transitions (O 2p→transition metal d band)
primarily start from the blue region of the visible spectrum
near 3.2 eV owing to the energetic isolation of O 2p and
transition-metal d bands. The strong electron correlation in
these materials flattens the conduction band and increases m∗,
thereby reducing the energy scale of intraband d−d transi-
tions (lower-lying t2g→higher-lying eg states and t2g → t2g

in d bands under an octahedral crystal field) and simulta-
neously limiting absorption on the red end of the visible
spectrum near 1.75 eV. Consequently, a transparent window
in the visible light region is achieved. Furthermore, owing to
the high m∗, a large n of ∼1023 cm–3 can be allowed while
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maintaining the screened plasma energy below the visible
range (<1.75 eV), which is in contrast to the case of conven-
tional metals. Although the high m∗ negatively influences the
conductivity relative to metals, the conductivity is better than
that of degenerately doped wide band-gap semiconductors
[7]. This “correlated metal” approach potentially provides a
better trade-off between the optical transparency and electrical
conductivity while also alleviating the dependency on highly
priced indium [1].

Among the TCOs with correlated metallic ground states,
SrVO3 (SVO) has been studied extensively and is expected
to have practical applications owing to its high performance
[7–11]. Reflecting its metallic nature with n = 2.3–2.6 ×
1022 cm–3, the conductivity of SVO films is 3.5 × 104 Scm–1

[7], which largely exceeds values typically reported for TCOs
based on wide-gap semiconductors (σ < 1.5 × 104 Scm–1)
[1]. The optical transmittance of SVO films with thicknesses
of 20–50 nm is 60–70% in the energy range of 1.2–2.8 eV
[7]. This value is comparable to that of TCOs based on wide-
gap semiconductors where more than 80% is achieved in the
entire visible range [1–4]. However, owing to the high carrier
concentration of SVO, weak but significant plasma absorption
is observed around the lower limit of the visible light range
(∼1.75 eV) [7,8,11]. In addition, there is noticeable optical
absorption in the higher-energy region of the visible spectrum
starting from 2.8 eV [7,8,11]. Therefore, more suitable materi-
als for TCOs are desired, especially those with controllability
of n/m∗ and larger interband transition energy to reduce ab-
sorption in the lower- and higher-energy regions of the visible
spectrum, respectively.

To arbitrarily control n/m∗ as well as the energy range
of interband transition in the higher-energy region, the use
of SrTi1-xVxO3 (STVO), which is a solid solution of SVO
and SrTiO3 (STO), has been proposed as a possible can-
didate [16]. STO with 3d0 configuration is a typical oxide
semiconductor with a wide gap of 3.2 eV [17–20]. Although
STO is fundamentally a TCO in the traditional semiconductor
approach, its performance does not meet the requirements of
general applications owing to the small overlap between Ti
3d bands and the resultant low mobility at room temperature
[21]. On the contrary, SVO is an archetypal Fermi-liquid
metal with simple 3d1 configuration [22–25] and has been
extensively studied as one of the most promising TCO can-
didates for the correlated metal approach described above
[7–11,26–28]. From the band-structure perspective, SVO can
be described as “extremely” doped STO, i.e., the fundamental
band structures are similar, but the Fermi level (EF) position
is higher (approximately 0.5 eV) in SVO than STO owing
to the accommodation of one 3d electron per unit cell in the
conduction band [19,20,29–31]. Therefore, a solid solution of
STO and SVO will have the capability of controlling the band
filling by varying x. In other words, n/m∗ can be adjusted to
an appropriate value by fine-tuning of x, assuming that the
change in m∗ is less than that in n under the framework of
the rigid-band picture. Furthermore, recent theoretical work
has predicted the tunability of the interband transition in the
higher-energy region of STVO [16], which reduces absorption
in the higher-energy region of the visible spectrum, starting
from 2.8 eV in SVO. In this study, to test the feasibility of
STVO for fine-tuning the performance of transparent conduc-

tion, we investigated the electronic structure of STVO via in
situ photoemission spectroscopy (PES) measurements, where
n and m∗ were experimentally determined. We will discuss the
change in electronic structure of STVO with the substitution
of V with Ti and the feasibility of STVO for TCO applications
in terms of the observed electronic structures.

II. EXPERIMENT

Epitaxial STVO thin films with a thickness of approxi-
mately 40 nm were grown on the (001) surface of 0.05 wt.%
Nb-doped STO substrates in a laser molecular-beam epitaxy
chamber connected to an in situ photoemission system at
BL-2A MUSASHI of the Photon Factory, KEK [32]. Sintered
SrTi1-xVxOy (x = 1.0, 0.8, 0.6, and 0.4) pellets were used as
ablation targets. A Nd-doped yttrium aluminum garnet laser
was used for target ablation in its frequency-tripled mode (λ =
355 nm) at a repetition rate of 1 Hz. During the deposition,
the substrate temperature was maintained at 900 °C, and the
oxygen pressure was maintained at less than 10–8 Torr. During
film growth, the intensity of the specular spot in the reflection
high-energy electron diffraction (RHEED) pattern was mon-
itored to determine the film growth rate. The layer-by-layer
growth of the STVO films was confirmed by the observation
of clear RHEED oscillations. After cooling to below 100 °C,
the films were moved into the photoemission chamber under
an ultrahigh vacuum of 10–11 Torr. In-vacuum transfer was
necessary to maintain a high-quality surface.

All spectroscopic measurements were conducted in situ
at 20 K. PES measurements in the soft x-ray region were
performed using a VG-Scienta SES-2002 analyzer with total
energy resolutions of 150 and 300 meV at photon energies
(hν) of 600 and 1200 eV, respectively. X-ray absorption spec-
troscopy (XAS) was also performed in total electron yield
mode. In situ angle-resolved photoemission spectroscopy
(ARPES) experiments were conducted using two orthog-
onally linear polarizations from incident light with hν =
88 eV in the vacuum ultraviolet light region, as shown in
Fig. S1 in the Supplemental Material [33]. In these ex-
periments, the energy and angular resolutions were set to
approximately 30 meV and 0.3°, respectively. The EF of
the samples was inferred from gold foil in electrical con-
tact with the sample. The surface structure and cleanness
of the vacuum-transferred STVO films were examined by
low-energy electron diffraction and core-level photoemission
measurements. No detectable C 1s peak was observed in the
core-level photoemission spectra. These results indicate that
no cleaning procedure was required for the in situ spectro-
scopic measurements. The stoichiometry of the samples was
carefully characterized by analyzing the relative intensity of
the relevant core levels, confirming that the cation composi-
tion of the samples was the same as that of the targets. The
results of the detailed characterization of the grown STVO
films are presented in the Supplemental Material [33].

The surface morphology of the measured STVO thin films
was analyzed by ex situ atomic force microscopy in air,
and atomically flat step-and-terrace structures were observed
(see Fig. S2 in the Supplemental Material [33]). The crystal
structure was characterized by x-ray diffraction, which con-
firmed the coherent growth of single-phase STVO films on the
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FIG. 1. (a) In situ valence-band spectra of STVO thin films with
varying x grown on Nb:STO substrates, alongside those of Nb:STO
substrate for reference. (b) Combined plot of PES spectra near EF

and O-1s XAS spectra of STVO thin films. It is well known that
the EF position for the O-1s XAS spectra cannot be determined
unambiguously from O 1s core-level PES and XAS data because
of the unknown effects of the core-hole potential [41,42]. Thus,
these XAS spectra have been aligned as follows. The O-1s XAS
spectrum of SVO is aligned to reflect its metallic nature [37–39],
and the EF positions of the XAS spectra of STVO with various x
were determined by combining the EF position in the SVO spectrum
with the x-dependent shift of the O 1s core-level peak for the sake
of convenience. For Nb:STO, the XAS spectrum has been aligned to
reflect its energy gap of 3.2 eV.

substrates (see Fig. S3 in the Supplemental Material [33]). The
electrical resistivity was measured using the standard four-
probe method. The samples for the resistivity measurements
were grown on (LaAlO3)0.3-(SrAl0.5Ta0.5O3)0.7 (LSAT) sub-
strates to prevent electric current from flowing through the
conducting substrate (see Fig. S4 in the Supplemental Mate-
rial [33]). The transport properties are in good agreement with
those previously reported for STVO films on LSAT substrates
[36].

III. RESULTS

A. Valence- and conduction-band structures

Figure 1 shows the valence band and O-1s XAS spectra
for the STVO films with different x values grown on Nb:STO
substrates, representing the electronic states below and above
EF. These spectra exhibit remarkable and systematic changes
as a function of x. The valence band mainly consists of three
structures: two prominent O 2p-derived structures exist at
binding energies of 3.0–9.0 eV, while a characteristic structure
emerges near EF of the STVO films [37–39]. The structure
near EF is attributable to the V 3d states based on the V 2p-3d
resonant photoemission measurements (not shown). As can
be seen in Fig. 1(a), the V 3d states are energetically well

isolated from the O 2p band, leading to interband transition
starting from the blue region of the visible spectrum [7,8,11].
Focusing on the O 2p states, the leading edge gradually shifts
to a higher binding energy with decreasing x, suggesting an
increase in the energies of the interband optical transitions
(O 2p→transition-metal d band), namely the reduction of
absorption in the blue region of the visible spectrum [16].
Meanwhile, the valence-band spectrum of Nb:STO substrates,
corresponding to STVO x = 0, exhibits a band gap of 3.2 eV
below EF, reflecting the n-type semiconducting nature of
Nb:STO [19]. In the case of SVO (x = 1.0) films, there are
two components attributable to the V 3d states: a peak lo-
cated precisely at EF and a relatively broad peak centered
at approximately 1.5 eV, which correspond to the coherent
(quasiparticle peak) and incoherent (remnant of the lower
Hubbard band) parts, respectively [37–39]. The existence of
the two-peak structure in the STVO films reflects the strong
electron correlation in the STVO films. The relative intensity
of the two-peak structure seems to change significantly with
changing x, as discussed in detail later. Note that the spectral
change near EF is not described by linear combination of the
SVO and STO spectra. This indicates that a solid solution is
achieved in the investigated STVO films across the composi-
tion range of 0.4 � x � 1, which is consistent with the fact
that the change in lattice constants of the STVO films follows
Vegard’s law [40] (see Fig. S3 in the Supplemental Material
[33]).

For the conduction band, the O-1s XAS spectra shown
in Fig. 1(b) [41,42] also exhibit systematic changes as a
function of x. According to previous works on SVO [39]
and STO [43], the sharp peak around EF and broad peak at
approximately −2.4 eV are attributable to unoccupied V 3d
t2g and eg states for STVO films, while the broad peaks at
approximately −1.9 and −4.3 eV are attributable to Ti 3d t2g

and eg states, respectively. With decreasing x, the intensity
of the V 3d states decreases, while that of the Ti 3d states
increases. The energy positions of the V 3d and Ti 3d states
remain almost unchanged for STVO films in the composition
range of x = 1.0–0.4, reflecting the pinning of EF within the
V 3d conduction band in STVO. These results indicate that
the V 3d t2g states mainly contribute to the conduction of the
STVO films. In contrast, the energy position of the Ti 3d states
of Nb:STO deviates far from the chemical trend of STVO,
reflecting its n-type semiconducting nature. These results sug-
gest the existence of some kind of metal-to-semiconductor
crossover in the conducting mechanism of STVO when x
ranges from 0.4 to 0.

To investigate the changes occurring in the V 3d states near
EF in more detail, we recorded the PES spectra near EF, as
shown in Fig. 2(a). For SVO films (x = 1.0), the prominent
peak located just at EF indicates its metallic nature, which
is consistent with a previous report [37]. According to the
substitution of V with Ti (with decreasing x), the intensity
of the coherent peak decreases by transferring its spectral
weight to the incoherent states around 1.0–1.5 eV, indicating
an increase in electron-electron correlation. Simultaneously,
the leading edge of the V 3d states appears to shift from above
to below EF at x = 0.8, suggesting the evolution of a pseu-
dogap (suppression of spectral weight) at EF. With a further
decrease in x, the spectral weight at EF becomes negligible,
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FIG. 2. (a) In situ PES spectra near EF of STVO thin films with
different x grown on Nb:STO substrates, alongside those of Nb:STO
substrate for reference. (b) Plot of DOS at EF as a function of x. Note
that for x � 0.4, DOS at EF would be almost 0 owing to the MIT at
x = 0.4–0.6.

and an energy gap seems to open at x = 0.4. Although there
is a negligibly small residual spectral weight at EF for the
x = 0.4 film, an extrapolation of the linear portion of the lead-
ing edge to the energy axis yields a valence-band maximum
of approximately 100 meV for the STVO film, indicating its
insulating nature. The occurrence of the composition-driven
metal-insulator transition (MIT) is further confirmed by the
plot of the spectral weight at EF in the energy window of
±10 meV as a function of x: the spectral weight at EF steeply
decreases from x = 1.0 to 0.4 and approaches close to 0 at
x = 0.4. Thus, these results indicate the occurrence of MIT at
x = 0.4–0.6.

Although an energy gap seems to open at x = 0.4 owing
to the depletion of spectral weight at EF, the coherent peak
structure still remains at approximately 0.3 eV. This feature
seems to be different from that of the typical MIT of strongly
correlated oxides [44,45]. In the case of MIT due to strong
electron correlation, the Mott-Hubbard gap with the energy
scale of the Coulomb interaction (U∼ a few eV) opens at EF

by spectral weight transfer from the coherent peak at EF to
the Hubbard bands [44–47]. The energy scale of the observed
gap is much smaller than that of Mott insulators. In addition,
for the spectral weight transfer observed in strongly correlated
oxides, the metallic edge at EF itself remains in the metallic
region [44,45]. Thus, the observed spectral behavior suggests
that the MIT of STVO is not explained by the strong electron
correlation effect alone.

Liu et al. reported the electronic structure of STVO solid
solutions based on ab initio density-functional theory (DFT)
with generalized gradient approximation+U correction [16].
They found that the substitution of V with Ti ions caused
composition-driven MIT in STVO at close to x = 0.67. Ac-
cording to the calculation, the density of states (DOS) of
STVO in the energy range of 10–−5 eV mainly consists of
V 3d , Ti 3d , and O 2p states. The V 3d t2g and eg states are
located in the near-EF region (binding energy of 1 to −1.5 eV)
and the region from −1.0 to −3.5 eV, respectively, while the
Ti 3d states extend above −2.0 eV and the O 2p states mainly
exist below 2 eV. Thus, the V 3d t2g states mainly accom-
modate conduction electrons and dominate the conductivity
of STVO films, which is consistent with our experimental

results. With decreasing x, the partial DOS of the V 3d t2g

states in the vicinity of EF was reduced and the energy gap
opened at x = 0.67 by the partial DOS transfer from EF to the
lower and upper Hubbard bands. The observed composition-
derived MIT is in good agreement with the prediction of
band-structure calculation, although there is a quantitative
discrepancy in critical x for composition-derived MIT. On
the contrary, the pseudogap behavior at EF and the rem-
nant coherent peak at 0.3 eV were not reproduced by this
calculation [16].

B. V 3d band structure near EF

Although the overall electronic structure of STVO is in
good agreement with the prediction of band-structure cal-
culations, there are significant discrepancies in the spectral
changes near EF. To obtain better insight into the spectral
behavior near EF, we performed in situ ARPES measurements
of the STVO films. Figure 3 shows the ARPES intensity map
for STVO films for x = 0.4–1.0 taken along the �–X direction
(see Fig. S5 in the Supplemental Material [33]) together with
the momentum distribution curve (MDC) at EF and energy
distribution curve (EDC) at the � point. According to the
band-structure calculations [48], the Fermi surface (FS) sheets
of bulk SVO with cubic symmetry are essentially formed from
three intersecting cylinders containing the V 3d dxy, dyz, and
dzx states. Owing to the characteristic FS topology of SVO, m∗
at the Fermi momentum (kF) in the direction of the diameter
of the cylinder’s circle, namely the �–X direction, roughly
represents the overall value of m∗ in SVO (see Fig. S5 in
the Supplemental Material [33]). The band structures of SVO
along the �–X direction consist of three bands: two degenerate
parabolic dispersions derived from the dxy and dzx states and a
nearly nondispersive dyz state [23–25,29–31,49]. Note that the
ARPES images shown in Fig. 3 consist of only the dzx bands
of V 3d t2g states in the present experimental geometry owing
to the dipole selection rules for the light polarizations and each
orbital symmetry with respect to the mirror plane (see Fig. S1
in the Supplemental Material [33]).

As can be seen in Fig. 3, a clear parabolic band disper-
sion is observed for the metallic region of x = 0.6–1.0. As x
decreases, the conduction-band minimum (CBM) approaches
EF, and the kF consequently decreases. This systematic behav-
ior demonstrates that the fundamental electronic structure of
STVO in the metallic region is described by the framework
of the rigid-band model; the CBM gradually shifts by 0.1 eV
from x = 1.0 to 0.6 [see also the plot in Fig. 4(a)]. It should be
noted that the parabolic band dispersion itself is quite similar
to that of other doped STO cases [20,50–54], whereas the
CBM and kF in the SVO film are always larger, reflecting the
3d1 configuration in SVO (see Table S1 in the Supplemental
Material [33]). In contrast to the rigid-bandlike behavior, the
ARPES intensity in the vicinity of EF significantly weakens
with approaching the insulating region and almost disappears
at x = 0.4, although a faint parabolic band remains in the
ARPES images (see Fig. S8 in the Supplemental Material
[33]). The steep suppression in the quasiparticle intensity is
highlighted in Fig. 4(b), where the ARPES spectra at kF are
plotted (see also Fig. S6 in the Supplemental Material [33]).
In addition, accompanying the decrease in spectral intensity,
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FIG. 3. In situ ARPES intensity plot along the kx direction for STVO with x = 0.4–1.0. The intensity plots are symmetrized with respect
to the � point (kx = 0) and averaged [33]. The MDCs at EF with an energy window of ±10 meV are shown in the respective ARPES images
(top panel), while the EDCs at the � point [along the center line (kx = 0)] are on the right side of each image. The orange arrows indicate the
bottom of the conduction band, while blue ones in MDCs indicate kF. Question marks represent considerably weak structures. Note that the
ARPES images consist of only the dzx bands of V 3d t2g states in the present experimental geometry owing to the dipole selection rules for the
light polarizations and each orbital symmetry with respect to the mirror plane [33].

there is an increase in intensity on the high binding-energy
side, which is consistent with the behavior of the angle-
integrated PES spectra shown in Fig. 2.

The conduction band in the vicinity of EF gradually smears
out with decreasing x and almost disappears in the insulating
phase (x = 0.4), whereas the energy position of the conduc-
tion band monotonically shifts in a rigid-band manner, and
the band dispersion itself remains unchanged in the metallic
phase, as can be seen in Fig. 3. Such a gradual disappearance
of the FS near MIT is commonly observed in strongly corre-
lated oxides [55–58]; the FS gradually disappears near MIT by
transferring spectral weight from the coherent band near EF to
the higher binding-energy side, whereas the band dispersion
itself remains unchanged. Thus, these results indicate that
the spectral weight transfer dominates the pseudogap or gap
formation in STVO associated with the composition-driven
MIT. These spectral behaviors are not described within the
framework of the one-electron picture, although the overall
electronic structure of STVO is in good agreement with the
prediction of band-structure calculations.

C. Estimation of parameters for transparent conduction

To address the key factor of n/m∗ in optimizing the perfor-
mance of transparent conducting oxides, we evaluated each
parameter of n and m∗ from the ARPES results, as shown
in Fig. 4. First, we estimated n of the STVO films from
kF obtained from the ARPES measurements, assuming three
simple (dxy, dyz, and dzx) cylindrical FSs intersecting at the �

points [48]. The results are plotted in Fig. 4(c) together with kF

as a function of x. The value of n seems to be proportional to
x in the range of 1.0 to 0.6, suggesting that the change in the
V 3d states is essentially rigid-bandlike in this composition

range. As a result, n is reduced by 52 ± 10% at x = 0.6, as
expected, although it seems to increase again at x = 0.4. The
strange spectral behavior at x = 0.4 is discussed later.

Second, from the obtained band dispersion, we also eval-
uated the change in the effective mass of the STVO films.
The band renormalization factor Z, whose inverse (1/Z) cor-
responds to the mass enhancement factor, was estimated by
fitting the obtained dispersion using the following procedure.
We employed the simplified t2g tight-binding (TB) band dis-
persion for the corresponding dzx band of Ezx(kx ):

ETB
zx (kx ) = εt2g + 2tπ (cos kx + 1) + 2tδ + 4t ′

σ cos kx, (1)

where εt2g is the energy of the three degenerate t2g atomic
(Wannier) orbitals. tπ and tδ are the first-nearest neighbor
hopping parameters, and t ′

σ is the second-nearest neighbor
hopping parameter. The TB parameters of εt2g = 625 meV
(1474 meV), tπ = −281 meV (−277 meV), tδ = −33 meV
(−31 meV), and t ′

σ = −96 meV (−76 meV) were determined
by fitting the results of the band-structure calculation based
on the local-density approximation for SVO (STO) [48]. For
the TB parameters for solid solution STVO films (x = 0.8,
0.6, and 0.4), we used values estimated from the interpola-
tion of the two parent material values (see Table S2 in the
Supplemental Material [33]), because the lattice constant of
STVO films obeys Vegard’s law [33]. Then, we fitted the
experimental band dispersion using the following equation:

E (kx ) = Z · ETB
zx (kx ) + ε0, (2)

where ε0 is an adjustment parameter [49].
Figure 5 shows a comparison of the band structure of

STVO films obtained from the peak positions of the EDCs
and MDCs with the TB results. As shown in Fig. 5, the fitted
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FIG. 4. Plots of physical parameters obtained from ARPES mea-
surements: (a) The plot of CBM of V 3d t2g band as a function of x.
(b) ARPES spectra (EDCs) at kF. The plot of (c) n and kF, (d) 1/Z
and quasiparticle (QP) spectral weight at EF, and (e) �k and τ as
a function of x. For (e), the IR limit of corresponding states is also
shown. The gradation area is the composition-derived MIT. Note that
the values of kF and �k were determined by fitting the MDCs shown
in the top panel of Fig. 3 to the linear combination of Lorentzians
and a smooth background.

TB curve is in good agreement with the experimental data,
validating our analysis for determining the band renormaliza-
tion. The estimated 1/Z is plotted in Fig. 4(d) as a function of
x. As expected from the rigid-bandlike behavior of the V 3d
band in STVO [Fig. 3(a)], the change in the mass enhance-
ment factor shows a fairly weak x dependence, in contrast
to n. The essential rigid-band behavior of the V 3d states is
further supported by the plot of the values for CBM and n
vs x, as shown in Figs. 4(a) and 4(c), respectively. These
results suggest that the key factor of n/m∗ for optimizing
the performance of transparent conducting materials is tuned
by x.

Here, it may be helpful to consider the contribution from
other effects to the additional enhancement of m∗. In Fig. 5,
a closer look reveals a fragile kink structure at ∼60 meV
in SVO due to electron-phonon coupling [59,60], which is
consistent with previous results [23]. The effective mass en-
hancement factor due to the electron-phonon coupling was
estimated to be less than 10% (see Fig. S9 in the Supple-
mental Material [33]). The obtained value demonstrates that
the electron-phonon coupling does not have a notable influ-
ence on our analysis for the mass enhancement due to the
electron-electron correlation in STVO. Thus, we have ignored
the influence of electron-boson coupling in the present study.
In contrast to SVO, there is no detectable kink structure in this

energy range within the experimental accuracy for the other
STVO films (see Fig. S9 in the Supplemental Material [33]).
This is probably because the possible kink structure is buried
in the experimental errors owing to its fragile structure due to
strong metallic screening in STVO [61] and a significant peak
broadening due to disorder.

IV. DISCUSSION

A. Origin of the composition-driven MIT in STVO

Here, we discuss the origin of the composition-driven MIT
in STVO. As can be seen in Figs. 3 and 4, the spectral
behavior of the insulating region of x = 0.4 deviates from
the rigid-band behavior in the metallic region of x = 0.6–1.0.
Meanwhile, faint parabolic band dispersion is observed at
x = 0.4, where the ARPES intensity weakens approaching EF

and nearly disappears at EF. Consequently, faint peaks seem
to exist in the MDCs. The remnant peaks in the MDCs are
indicative of the FS of STVO x = 0.4, even though it is in
insulating states.

Considering that 1/Z is almost unchanged with x, the sup-
pression of the quasiparticle peaks may not only be due to the
strong electron-electron correlation because the quasiparticle
weight at kF should be scaled with 1/Z in the case that only the
strong electron-electron correlation is a matter [45–47,62,63].
As can be seen in Figs. 4(b) and 4(d), the quasiparticle peak
at EF significantly reduces its intensity, while the width of
the MDC peak at EF [�k(EF)] simultaneously becomes rel-
atively broader with decreasing x, as summarized in the plot
of Fig. 4(e). These spectral behaviors imply a different origin
of the composition-derived MIT in STVO from the Mott-
Hubbard gap. Because �k reflects the mean-free path l of
conduction electrons as l = vFτ = 1/�k, where vF and τ are,
respectively, the Fermi velocity and scattering time, the broad-
ening of �k suggests a smaller τ [64]. Thus, the significant
broadening of �k suggests the occurrence of a disorder-driven
MIT in STVO [34]. To test the possible disorder origin of the
MIT, we overlaid the Ioffe-Regel (IR) limit of kF/�k(EF) ∼ 1
[65] in Fig. 4(e). In the metallic region, �k in SVO is well
below the IR limit and approaches the IR limit as x decreases
towards the critical composition of the MIT. Eventually, the
�k value is well above the IR limit for x = 0.4, indicating that
the effects of the disorder are sufficiently strong to cause MIT
in the studied STVO films. Therefore, based on the ARPES
analysis, it can be naturally concluded that the composition-
driven MIT in STVO is dominantly governed by the strong
disorder due to chemical substitution.

Although the origin of the strange behavior at x = 0.4 is
not clear at the moment, a plausible interpretation is that it is
due to the interplay between strong electron-electron interac-
tions and disorder-induced localization. In STVO with Ti4+

(3d0) and V4+ (3d1) ions randomly occupying the transition-
metal sites, the Ti4+ ions perturb the periodic potential of
the V 3d band, which introduces significant disorder and
Anderson-localized states [34,66–68]. Meanwhile, STVO is
a strongly correlated electron system with 1/Z = 1.4–1.9.
The observed spectral behavior and related composition-
dependent MIT may be understood in terms of the com-
bined effects of electron correlations and disorder potentials
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FIG. 5. (Upper panel) Comparison of ARPES intensity plot for STVO films with the corresponding results of TB fitting by Eq. (2). (Lower
panel) Peak positions determined based on EDCs and MDCs shown by filled blue and open red circles, respectively. Question marks represent
considerably weak structures. The results of the TB fitting are also overlaid.

in STVO. Indeed, similar pseudogap formation has been
observed in coherent states for disordered strongly correlated
oxides [69–72]. However, to properly elucidate the spectral
behavior associated with both effects, further investigation is
necessary.

B. Screening as a strongly correlated transparent electrode

Finally, we briefly discuss the feasibility of precise opti-
mization of the transparent conductive performance of STVO
films. From the detailed analysis of the photoemission spectra,
we revealed that (1) the overall electronic structure of STVO is
described in the framework of the band-structure calculation,
while the spectral behavior for V 3d states near EF is not; (2)
the spectral weight of the coherent band near EF is suppressed
by spectral weight transfer; (3) simultaneously, the pseudogap
is evolved at EF; (4) as a result of spectral weight transfer and
depletion of spectral weight at EF, composition-driven MIT
occurs at x = 0.4–0.6; (5) in metallic STVO (x = 1.0 to 0.6),
carrier concentration n in the metallic region is proportionally
reduced from 0.97 (x = 1.0) to 0.50 (x = 0.6); and (6) in
contrast to n, the value of 1/Z, which corresponds to m∗,
is slightly varied from 1.9 (x = 1.0) to 1.4 (x = 0.6). These
results demonstrate the possibility of controlling the n/m∗
value by approximately 28% in the composition range of x =
1.0–0.6, namely the controllability of the plasma absorption

edge to an appropriate value by tuning x. Controllability has
important implications for the future development of strongly
correlated oxide transparent electrodes. For the strongly corre-
lated TCOs that have been studied so far [7–14], such as SVO
and CaVO3, fine-tuning of the properties is not possible. We
have demonstrated that fine-tuning of properties is possible in
solid solution form by tuning an appropriate composition ratio
in the same manner as TCOs based on wide-gap semiconduc-
tors. Meanwhile, high doping (substitution of V with Ti) with
x inherently induces randomness in the crystal, resulting in
reduced mobility.

In contrast, by mixing SVO with STO with larger inter-
band optical transitions (O 2p→transition-metal d band) of
3.2 eV, the reduction of absorption in the blue spectra may
be reduced in STVO [7,8]. In fact, the O 2p states in the
valence-band spectra rigidly shift to the higher binding-energy
side by 300 meV (Fig. 1) with decreasing x from 1.0 to
0.4, whereas the bottom of the V 3d conduction band oppo-
sitely shifts by 100 meV (Fig. 4). These spectral behaviors
suggest the energy increment of the interband optical transi-
tion in STVO, as predicted from the DFT calculation [16].
Therefore, the present spectroscopic screening of STVO as a
transparent electrode material might be a promising direction
for research on TCOs based on strongly correlated oxides as
well as a fundamental understanding of strongly correlated
oxides. However, we must consider the effects of complex
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electron-electron scattering in such strongly correlated oxides.
To optimize the performance of strongly correlated TCO, we
must pay attention to the delicate trade-off relation between
the abovementioned merits from the substitution and the de-
terioration of the conductivity due to disorder. In addition, to
gain a more comprehensive understanding of the electronic
structure of solid solutions of strongly correlated oxides,
further investigation is required. In particular, the effects of
different constituent transition metals on the electronic struc-
ture and the resultant transparent performance are especially
important to examine.

V. CONCLUSION

We investigated the electronic structure of STVO thin films
by in situ PES to test their potential for use as strongly cor-
related TCO with tunable performance. One of the possible
approaches for controlling the performance is the use of such
solid solutions between the strongly correlated TCO SrVO3

and oxide semiconductor SrTiO3. From the PES and O-1s
XAS spectra, systematic and significant spectral changes
were found near EF, although the overall electronic struc-
ture of STVO is in good agreement with the prediction of
band-structure calculations. As x decreases from 1.0, spectral
weight transfer occurs from the coherent band near EF to the
incoherent states (lower Hubbard band) around 1.0–1.5 eV
in the PES spectra. Simultaneously, a pseudogap is formed
at EF, which corresponds to the significant reduction in the
quasiparticle spectral weight of the ARPES spectra at kF.
The pseudogap finally evolves into an energy gap at x = 0.4,
indicating the occurrence of a composition-driven MIT.

Meanwhile, from the ARPES results, the carrier concentra-
tion n changes proportionally as a function of x. In contrast,
the mass enhancement factor, which is proportional to the ef-
fective mass (m∗), does not change significantly with varying
x in the metallic range of x = 0.6–1.0. These results suggest

that the electronic structure of STVO in the metallic region
is described by the framework of the rigid-band model, and
consequently, the key factor of n/m∗ in optimizing the per-
formance of transparent conducting materials is tuned by x.
However, significant broadening of the MDC peak width at
EF (�k) is observed with decreasing x, reflecting the increase
in the scattering rate. The detailed analysis reveals that �k
at x = 0.4 is well above the IR limit, demonstrating that
the composition-driven MIT in STVO films predominantly
originates from disorder-induced Anderson localization due
to chemical substitution. These results suggest that the con-
trol of TCO performance in strongly correlated metals using
solid solutions is effective in a certain region near the end
composition. However, care must be taken in adopting this
for a wider range of compositions because the unavoidable
chemical disorder effects in strongly correlated materials also
drive the MIT.
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