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ABSTRACT Optical control of exotic properties in strongly
correlated electron materials is very attractive owing to their
potential applications in optical and electronic devices.
Herein, we demonstrate a vertical heterojunction made of a
correlated electron oxide thin film VO, and a conductive
0.05 wt% Nb-doped TiO, single crystal, whose metal-insulator
transition (MIT) across the nanoscale heterointerface can be
efficiently modulated by visible light irradiation. The magni-
tude of the MIT decreases from ~350 in the dark state to ~7 in
the illuminated state, obeying a power law with respect to the
light power density. The junction resistance is switched in a
reversible and synchronous manner by turning light on and
off. The optical tunability of it is also exponentially propor-
tional to the light power density, and a 320-fold on/off ratio is
achieved with an irradiance of 65.6 mW cm > below the MIT
temperature. While the VO, thin film is metallic above the
MIT temperature, the optical tunability is remarkably wea-
kened, with a one-fold change remaining under light illumi-
nation. These results are co-attributed to a net reduction
(~15 meV) in the apparent barrier height and the photo-
carrier-injection-induced metallization of the VO, hetero-
interface through a photovoltaic effect, which is induced by
deep defect level transition upon the visible light irradiance at
low temperature. Additionally, the optical tunability is mini-
mal, resulting from the quite weak modulation of the already

metallic band structure in the Schottky-type junction above
the MIT temperature. This work enables a remotely optical
scheme to manipulate the MIT, implying potential uncooled
photodetection and photoswitch applications.

Keywords: metal-insulator transition, VO, thin film, optical
control, strongly correlated electron material, photoswitch

INTRODUCTION

Strongly correlated electron materials exhibit complex
emergent properties due to the entangling and competi-
tion among charge, orbital, spin, and lattice degrees of
freedom [1,2]. One of the most attractive phenomena is
the metal-insulator transition (MIT), which is of great
scientific as well as technological interest for developing
the next generation of energy-efficient optical and elec-
tronic devices [2]. Vanadium dioxide (VO,) is such an
archetypical strongly correlated oxide with a sharp MIT
near room temperature (~68°C in bulk) [3], across which
pronounced changes in electrical, optical, magnetic and
thermal properties occur [4]. Many studies have been
devoted to finding the driving mechanisms behind its
phase transition [3-5]. The focused argument lies in
whether the structural phase transition (electron-phonon
coupling) or electronic correlation (electron-electron in-
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teraction) drives the MIT, known as the Peierls- or Mott-
type transition in VO, [6,7]. Since the MIT temperature
of the VO, is near room temperature and can easily be
controlled by external stimuli, researchers have developed
different avenues to modulate the MIT, such as light [8,9],
strain [10], thermal [11], and electric field [12]. Taking
advantages of sustained advances in synthesis and fabri-
cation techniques, VO, in the form of thin film, micro-
wire, nanobeam or ordered array has demonstrated
promising applications in optical switches [13], detectors
[14], Mott transistors [15], neuromorphic computing
[16], resistive memories [17], electrochromic devices [18]
and ion batteries [19].

In particular, optical control of the MIT in the corre-
lated electron thin film VO, is much more attractive from
the perspective of basic scientific research and practical
application [20,21]. Morrison et al. [22] observed a me-
tastable state on a sub-picosecond scale with a monoclinic
metal-like phase in the VO, thin film by 800-nm femto-
second laser excitation. Jager et al. [23] utilized few-
femtosecond extreme ultraviolet (UV) transient absorp-
tion spectroscopy to track the nonequilibrium dynamics
across the MIT in the VO, thin films. Recently, Otto et al.
[5] used the near-infrared 800-nm femtosecond laser
pulse to stimulate two independent insulator-to-metal
transformations in the VO, thin films, which involve
changes in lattice as well as electronic structures. Zhang et
al. [24] reported that a laterally confined conductive
pattern was inscribed into an otherwise insulating area in
the epitaxial (001)-VO,/TiO, thin film using UV light
irradiation, inducing a decrease in the electrical resistivity
of almost four orders of magnitude. These investigations
are helpful to deepen the understanding of the MIT
mechanism and also open the possibilities to control the
MIT behaviors using UV and infrared light irradiation.
However, the light illumination on the aforementioned
single-layer films of VO, easily induce the thermal-driven
MIT (namely the photothermal effect), deteriorating the
device performance remarkably [25]. In recent years,
thin-film heterojunction structures based on VO, are thus
proposed to solve this problem, enabling a wireless, re-
mote, reversible and ultrafast modulation of the MIT
behaviors and photoelectric properties. Additionally, the
wafer-scale VO, thin film has tremendous potential for
integration with other electronic materials [26], such as
conventional semiconductors [27], metals [28]. Ahn et al.
[27] demonstrated the existence of a notable photovoltaic
effect in the VO,/Nb:TiO, heterojunction under the UV
light illumination. However, they did not show how the
MIT depends on the power density of the light. A half-
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sphere Au/VO, core-shell heterojunction was fabricated
by Balin et al. [28], making a large reduction of the
transition temperature of VO, through the red-light-in-
duced local plasmonics. More recently, integrating VO,
thin films with the emergent electronic materials, ex-
foliated two-dimensional (2D) layered materials [29,30],
topological insulators [30], and so forth, is of much in-
terest in the resultant contacts or heterojunctions toward
realizing high-speed and multifunctional devices, al-
though the optical control of the MIT has not been car-
ried out in such materials yet. All these studies open the
possibility of an optical-controllable scheme to manip-
ulate the MIT behaviors of VO, [28-30]. Overall, few
experimental studies on the reversible MIT using optical
control in the VO,-based heterojunction are available. In
particular, broadening spectral response of the VO,-based
heterojunction from the UV and infrared to visible light
region is scarcely reported. Consequently, the visible-light
control of the MIT behaviors is relatively lacking, which is
much more desirable for practical photoelectronic devices
based on VO,. Furthermore, optical control of the
transport properties of the VO,-based heterojunction in
the insulating as well as metallic states is still limited and
the manipulating mechanism is not well understood so
far.

In this paper, we construct a vertical epitaxial het-
erojunction by stacking a strongly correlated electron
oxide thin film VO, on an n-type, wide band-gap
semiconductor Nb-doped TiO, single crystal. The n-n-
and Schottky-type contacts can be controllably formed
by thermally driven MIT in the VO, thin film. Visible-
light control of the MIT behaviors and transport
properties in such a heterojunction were comprehen-
sively investigated. It was observed that the amplitude
of the MIT change is noticeably reduced under the
visible light irradiation below the MIT temperature.
The tunability of the junction resistance is ex-
ponentially proportional to the light power density. We
experimentally demonstrate that the junction re-
sistance of the VO,/Nb:TiO, heterojunction can be
reversibly switched upon turning on and off the visible
light illumination. The aforementioned results are as-
cribed to the modulation of the interfacial electronic
structure of the VO, thin film due to photocarrier in-
jection and reduction of the apparent barrier height
through the photovoltaic effect, which can be under-
stood by a new photoexcitation process under the
visible light illumination. Furthermore, we propose a
prototype of a 2D photodetector based on the vertical
VO,/Nb:TiO, heterojunction.
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EXPERIMENTAL SECTION

Sample preparation and device fabrication

A nominal Nb concentration of 0.05 wt% TiO, single
crystal (Shinkosha Co., Ltd., Japan) with the (001) surface
was employed for VO, film growth. The substrate was
10 mm x 10 mm x 0.5 mm. Using reactive radio fre-
quency (RF) magnetron sputtering techniques [9,31],
high-quality VO, epitaxial thin films were prepared by
sputtering a vanadium metal target with 60 W power at a
pressure of 0.43 Pa. The growth temperature was set to
440°C (thermal couple temperature). The Ar and O, flow
ratios were set to 52 and 1.2 sccm. A nominal thickness of
VO, thin film was approximately 32 nm by controlling
the deposition time [32]. Sequentially, a 5-nm-thick Ti
buffer layer was prepared on the surface of the VO, thin
film for Ohmic contact. Then, a 10-nm-thick Pt thin film
was deposited on the Ti layer to form the top electrode
for the current sensing. The 5-nm thickness for the Ti
buffer layer and 10-nm thickness for the Pt layer were
selected to ensure good semitransparency for the light
illumination on the heterojunction [33,34]. The backside
of the Nb:TiO, substrate was also covered by the Pt/Ti
layers to ensure Ohmic contact. We used standard pho-
tolithography and physical ion milling to pattern the
multilayers into a circular disk with a diameter of 1 mm.
The depth of the disk was etched to the surface of the Nb:
TiO, substrate.

Microstructural characterizations

The surface topography of the VO, thin films was
checked by atomic force microscopy (AFM, Bruker Di-
mension Icon, Germany) in the ScanAsyst mode. The
surface roughness (root mean square, RMS) was obtained
by averaging the total surface area of the AFM image. The
crystal structure of the VO, thin films was partially
characterized by X-ray diffraction (XRD) with Cu Ka
radiation (Rigaku SmartLab Film Version). The strain
state in the (001)-VO,/NDb:TiO, heterojunctions was in-
vestigated by synchrotron radiation X-ray reciprocal
space mapping (RSM) on the BL14B1 endstation at
Shanghai Synchrotron Radiation Facilities (SSRF) with a
wavelength of 1.24 A [9,31]. The results were plotted in
reciprocal lattice units (r.L.u.) using rutile TiO, as a re-
ference.

The heterointerfacial structure was further investigated
by transmission electron microscopy (TEM). Cross-sec-
tional specimens oriented along the Nb:TiO, [010] di-
rection were prepared for the TEM analysis using ion
milling after mechanical thinning and precision polish-
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ing. High-angle annular dark-field (HAADF) imaging
was performed using a probe-corrected transmission
electron microscope (JEOL, JEM-ARM200CF) with a
cold field-emission gun operated at a 200 kV bias. The
convergence angle for the electron probe was set to
22 mrad and the inner angle of the HAADF detector was
90 mrad. The compositional elements of the heterojunc-
tion were further analyzed using an energy-dispersive X-
ray spectrometer attachment. Soft X-ray absorption
spectroscopy (XAS) at the V L and O K edges was per-
formed on the X-ray magnetic circular dichroism
(XMCD) beamline (BL12B) at the National Synchrotron
Radiation Laboratory (NSRL), Hefei. The base pressure
was greater than 3.0 x 10 '° Torr. The X-ray beam size
was approximately 1.0 mm x 3.0 mm. Total electron yield
(TEY) mode was adopted to collect the drain current
from the VO,/Nb:TiO, heterojunction.

Optical and electrical property measurements

The transport properties under light illumination were
measured by the four-probe technique. The VO,/Nb:TiO,
devices were mounted on the probe station. Two of the
four probes softly contacted the top electrode, and the
other two contacted the common bottom electrode. For
all the optical and electrical property measurements, a
bias voltage was applied and the current was sensed
across the VO,/Nb:TiO, devices with a vertical geometry
configuration. We used a 2410 (Keithley, USA) as a vol-
tage source. The current was measured by a 2400
(Keithley, USA) as a sensing meter. The photocurrent
response was evaluated by a 2450 meter (Keithley, USA).
A green laser with a wavelength of ~532 nm served as the
excitation light source. The power of the laser was cali-
brated by an optical power meter (Model: PM100D,
THORLABS, Germany).

RESULTS

Microstructure and interfacial chemistry studies

Fig. 1a shows the XRD pattern of a typical VO,/Nb:TiO,
thin film by a normal line scan. Two sets of diffraction
peaks were detected: the (001) and (002) peaks from the
Nb:TiO, substrate with a rutile phase and the (002) peak
from the VO, thin film, suggesting that the thin film is
highly oriented along the out-of-plane [001] direction of
the Nb:TiO, substrate. The asymmetrical diffraction
peaks were also collected to check the in-plane orienta-
tion of the thin film with respect to the substrate. As
shown in Fig. 1b, the XRD @ scans of (112) peaks of the
substrate are each separated by 90°, which originates from
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Figure 1 Microstructural properties of the VO,/Nb:TiO, heterointerface. (a) Normal XRD line scan of the VO, thin film on the Nb:TiO, substrate.
(b) Asymmetrical @ scans around the respective (112) and (101) peaks in the Nb:TiO, substrate and VO, thin film. The diffraction peak index is
defined under the framework of tetragonal crystal symmetry in both VO, and Nb:TiO,. (c) Atomic schematic of the heterointerface of the VO, film
and Nb:TiO, substrate in a certain epitaxial manner. (d) Synchrotron radiation XAS spectrum of V L- and O K-edges of the VO,/Nb:TiO, thin film.
The spectrum was normalized to the maximum intensity. A schematic of the XAS measurement geometry is shown as the inset. (¢) AFM image of the
VO,/Nb:TiO, heterojunction. The max height of the surface is approximately 4.0 nm, as shown in the scale bar. (f) HAADF image of a typical VO,/
Nb:TiO, heterointerface. (g) Selected area electron diffraction (SAED) image of the heterojunction along the crystal axis [010] of the Nb:TiO,
substrate, corresponding to the selected area labeled in (f). (h) Energy dispersive X-ray spectroscopic images of the Ti, V and O elements across the

heterointerface. (i) Line scans of the interfacial composition Ti and V elements across the heterointerface.

the nature of tetragonal symmetry of the substrate. For
the VO, thin film, four (101) peaks from the @ scans are
located at the azimuthal angles 45° from those in the
substrate labelled by a dashed line. The azimuthal se-
paration 45° is attributed to the different projection di-
rections of the tetragonal VO, (101) and Nb:TiO, (112)
reflections with respect to the basal plane Nb:TiO, (001)
(see more details in Fig. S1 in the Supplementary in-
formation). Consequently, the VO, thin film should co-
herently grow on the tetragonal Nb:TiO, crystal and has a
similar symmetry as the substrate due to a good lattice
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match between them [4,9]. This symmetry implies the
VO, thin film is in a tetragonal-like phase due to sub-
strate confinement. Therefore, the epitaxial relationships
between the VO, thin film and Nb:TiO, substrate are

[001]yo, //[001] 10, along the out-of-plane direction, and
[100]yo, //[100] 0, and [010]yo, //[010] 0, along the in-
plane direction, which are schematically illustrated in
Fig. 1c. Fig. 1d shows the soft X-ray absorption spectrum

of the V L and O 1s edges, which was collected using TEY
mode as demonstrated in the inset. The main peaks are

July 2021 | Vol.64 No.7
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located at ~518 and 524 eV as indicated by dashed lines in
Fig. 1d, corresponding to the V L; and L, absorption
edges that originate from the 2p;,—3d and 2p,,—3d
transitions, respectively. The two shoulders near the main
peaks are marked by arrows in Fig. 1d, which is a clear
signature of the well-known V-V dimerization in the
insulating monoclinic VO, (M1 phase) [5]. Furthermore,
such a tetragonal-like VO, thin film was checked in an
insulating state by transport measurements in our pre-
vious work [35]. Therefore, the VO, thin film in this work
is essentially insulating with a monoclinic phase by epi-
taxial strain. Fig. le shows the AFM image of the surface
of the VO,/Nb:TiO, heterojunction. The RMS roughness
of the VO, thin film on the Nb:TiO, substrate was sta-
tistically estimated as ~0.5 nm, indicating a good surface
quality of the film.

To examine the interfacial microstructure, TEM was
employed to check the crystal symmetry and interface
chemistry. Fig. 1f shows a cross-sectional HAADF image
of the heterojunction. The thickness of the VO, thin film
was estimated as ~32nm, which is in line with the
aforementioned time-controlled film deposition. More-
over, bumps and pits are observable on the VO, surface,
agreeing with the AFM characterization. Fig. 1g shows a
selected area electron diffraction (SAED) pattern from the
interface region marked with a rectangular frame in
Fig. 1f. The diffraction patterns of the VO, film and Nb:
TiO, substrate are not significantly different. Three ty-
pical diffraction spots of the VO, (200), (002) and (101)
with a relatively weak intensity are located near those of
the substrate, indicating that VO, and TiO, have very
similar lattice constants and tetragonal symmetry. As a
consequence, the orientation relationships between the
crystallographic axes of the VO, film and Nb:TiO, sub-

strate are: [002]yo //[002]1o, (along the out-of-plane
direction) and [101]yo, /[101]3, (along the in-plane
direction), which further confirms the XRD results. The
chemical composition at the interface between the Nb:
TiO, substrate and VO, film was subsequently in-
vestigated by energy-dispersive X-ray spectroscopy
(EDS). Fig. 1h shows the elemental maps across the
heterointerface, corresponding to the V—-L,; edges at
~513 and ~521 eV, Ti-L,; edges at ~456 and ~462 eV,
and the O—K edge at ~530 eV, respectively. The depth
dependencies of V and Ti elements are shown in Fig. 1i,
implying an inter-mixing layer with a 7-nm thickness
across the heterointerface. The inter-diffusion region
marked in Fig. 1i indicates the Ti and V elements inter-
diffuse between the VO, film and Nb:TiO, substrate
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during film deposition at an elevated temperature, in
agreement with previous work [36]. As a consequence,
the heterointerface based on the epitaxial VO,/Nb:TiO,
junction was constructed, enabling the promising optical
control of MIT behaviors in a vertical geometry.

Optical control of the MIT

Next, we show that the MIT behavior is modulated by
light illumination. Fig. 2a shows the schematic of a ver-
tical VO,/NDb:TiO, heterojunction device after the stan-
dard lithographic process. The photoresponse of the
device was investigated under light illumination using the
four-probe technique in a vertical geometry, as shown in
Fig. 2a. Although parent rutile TiO, is a semiconductor
with a gap of ~3.0eV [37], the light Nb-doping TiO,
exhibits a considerable absorption in the visible light re-
gion (see Fig. S2). The detailed mechanism of visible
absorption is discussed in the following sections. A green
laser with a wavelength of 532 nm was deliberately chosen
for optical control of the MIT behaviors in the visible
light region.

To ensure the photoresponse from the heterojunction
device, the Pt/Ti contact type was preliminarily analyzed
(see Fig. S3) and Ohmic contact between the Ti metal and
the insulating VO, at low temperature as well as the
metallic state above the MIT temperature can be expected
[27,38]. As evidenced in Fig. $4, the current-voltage (I-V)
characteristics across two Pt/Ti contacts (measured after
the VO, film was deposited on the TiO, substrate) are
linear over the studied voltages, indicating good Ohmic
contact between Pt/Ti electrode and VO, film. It is no-
table that the Nb:TiO, substrate itself does not show
photoconductivity, indicating that the resistance change
does not result from the substrate under light illumina-
tion. Therefore, the electrical transport properties should
be mainly determined by the heterojunction of the device.
The junction resistance (R) vs. temperature (T) curves of
the device for the representative light illumination with a
series of power densities are shown in Fig. 2b. In the dark
state, the junction resistance across the vertical hetero-
interface resembles MIT features similar to that in the
VO,/Ti0, epitaxial thin films measured in a lateral elec-
trode configuration [9,36,39]. The low-temperature in-
sulating state transits across a thermal hysteretic MIT
region to the metallic state, as marked by the dashed lines
in Fig. 2b. Upon application of light, the junction re-
sistance is gradually suppressed with increasing power
density, but maintains the MIT characteristics in the
temperature region studied. The net reduction of the
junction resistance at the low-temperature insulating state
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Figure 2 The device setup and heterointerfacial MIT controlled by light illumination. (a) Schematic figure of the VO,/Nb:TiO, heterojunction device
and transport properties measured by the four-probe technique. The top Pt/Ti layer on the VO, thin film was defined as the positive electrode. The
junction was illuminated by a 532-nm laser beam (spot size: ~2.0 mm diameter). (b) The junction resistance R vs. temperature T under laser
illumination with a series of power densities P. A reverse bias ~0.5 mV was applied across the heterojunction. (c) Dependence of the MIT temperature
on P. (d) Amplitude of the MIT change vs. P. (e) Optical tunability (T;) of the junction resistance at 300 K as a function of P. (f) Junction resistance
states controlled by a sequence of light illumination with an irradiance of 65.6 mW cm . Here, the Ag layer is formed by silver paste to connect the
bottom electrode Pt with the Cu layer, which is made of copper foil. Two probes softly contact the bottom Cu layer and the other two contact the top
Pt electrode for the four-probe transport property measurements in the VO,/Nb:TiO, heterojunction device.

is much larger than that at the high-temperature metallic
state. In addition, the MIT temperature was derived by
differential processing (see Fig. S5) as 328.4 and 323.1 K
for the heating and cooling processes, respectively [9,40].
It is interesting that the MIT temperature is unaffected in
the heating and cooling processes by light irradiation, as
shown in Fig. 2c. Notably, the MIT temperature here is a
bit lower than that (~340 K) of the bulk VO, thin films
[9,41,42], which originates from the electron delocaliza-
tion of V-V dimers due to strain-induced shrinking of the
c-axis [9]. Since the in-plane lattice constant a of Nb:TiO,
is larger than that of bulk VO,, the tensile strain along the
in-plane direction and compressive strain along the out-
of-plane direction of the VO, epitaxial thin film develop.
Synchrotron radiation high-resolution XRD reciprocal
space mapping around the spots VO, (112) and Nb:TiO,
(112) further confirms this conjuncture (see Fig. S6 and
the notes in the Supplementary information). Fig. 2d
summarizes the magnitude of the MIT change ratio vs.
the light power density P. The amplitude of the MIT,
which is defined as R(300 K)/R(380 K), is approximately
~350 at the dark state and decreases to ~7 with a light
irradiance of 50.7 mW cm . Moreover, the amplitude of
the MIT is approximately an exponential function of P,
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which is guided by the dashed line in Fig. 2d. According
to the unchanged MIT temperature, a surface heating
effect during light irradiation should be excluded here
[25] and hence cannot be responsible for the optical
control of the MIT behaviors. We next focused on the
junction resistance controlled by light illumination at low
temperature of the VO, in an insulting state. Fig. 2e
shows the dependence of the optical tunability of the
junction resistance at 300 K on P, which is defined as T}, =
R(P)/R (P = 0). Hence, T, is unity at the dark state. The
junction resistance R was ~1.36x10° Q) at the dark state
and decreased to ~4.23x10° Q) at 65.6 mW cm ~ light ir-
radiation. A resultant large optical tunability T, was
achieved, ~320. T} is roughly exponentially proportional
to P, which is guided by the dashed line in Fig. 2e. Fur-
thermore, the junction resistance can be simultaneously
and reversibly switched from a high resistance state to a
low one by a sequence of programmable light illumina-
tion, as shown in Fig. 2f, demonstrating a potential ap-
plication in a photoswitch at room temperature [43]. It is
notable that optical control of the junction resistance
switching depends on the applied voltages. We provide
another set of experimental results measured under a
reverse bias 10 mV in Fig. S7.

July 2021 | Vol.64 No.7
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Transport characteristics under light illumination

In order to reveal the mechanism of the optical control of
MIT behaviors using a visible light excitation, we in-
vestigated the transport characteristics of the device.
Fig. 3a and ¢ show the transfer characteristic curves under
different illumination power densities at 300 and 380 K,
respectively. Additional transfer curves under different
temperatures across the MIT temperature are shown in
Fig. S8 to illustrate the transport property evolution
across the MIT.

The VO,/Nb:TiO, device clearly exhibits asymmetric
diode-like behavior as the VO, thin film in an insulating
state, as well as in a metallic state. The rectification ratios
were ~13,000 and 72 for the VO, film in the insulating
and metallic states, respectively, under an applied voltage
of 1 V. Therefore, a good rectified heterojunction
formed between the VO, film and Nb:TiO, substrate,
regardless of whether the VO, film is in an insulating or
metallic state. This result is consistent with previous ob-
servations in VO,/p-GaN [38], MoS,/VO, [43] and VO,/
Nb:TiO, [27] heterojunctions. The rectification ratio
hardly depends on the illumination power density in
Fig. 3a and c at 300 and 380 K with the applied voltage
more than 0.2 V, which has not been found in the pre-

vious studies [27,43]. Partially enlarged views of Fig. 3a
and c are correspondingly presented in Fig. 3b and d. The
zoomed-in transfer curves do not cross the zero current
(voltage) point and shift toward a more negative current
value even when the applied voltage (current) was zero
under the light illumination. This is the photocurrent
generation mechanism through the photovoltaic effect for
separation of the electron-hole pairs operated by the in-
ternal electric field in the junction region based on the
VO,/Nb:TiO, heterointerface [44]. The photovoltage and
photocurrent generation mechanism are discussed in
detail in the following section.

To quantitatively determine the photovoltaic effect in
the heterojunction device, the short circuit current Iy
and open circuit voltage Vi with respect to the incident
power density P are summarized in Fig. 3e and f, re-
spectively. In both the insulating and metallic states, the
measured Isc shows a linear dependency on P. The Vi
depends on P in a logarithmic manner, as shown in
Fig. 3f. The resultant linear increase in the I and loga-
rithmic increase in the V¢ with P are appropriate for a
photoexcited heterojunction with an ideal p-n config-
uration, demonstrating that the optical control of the
junction resistance should be closely related to the pho-
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Figure 3 Transfer characteristics and photovoltaic effect in the VO,/Nb:TiO, device. (a, c) Experimental current-voltage characteristic curves of one
typical device under the dark and illuminated conditions with a series of light power densities at 300 and 380 K, respectively. The current I, is plotted
in log scale to show the rectification characteristics of the device. (b, d) The expanded I-V curves of the device on a linear scale to indicate the
photoinduced current and voltage of the VO, film in the insulating and metallic states, respectively. (e, f) Dependence of the short-circuit current (Isc)
and open-circuit voltage (Vpc) on the illumination power density with the VO, in the insulating and metallic phases, respectively.
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tovoltaic effect. At 50.7 mW cm ~ irradiation, Ig and Vi
at the insulating state were ~1.3x10 ' A and 185 mV,
respectively, and ~1.6x10~ A and 0.75 mV, respectively,
in the metallic state. Such pronounced Isc and Vi gen-
erated by light irradiation are indicative of the occurrence
of a photogenerated carrier injection process in the device
with the VO, film in the insulating state. The slightly low
Voc is probably due to low photon energy using the
visible illumination instead of UV irradiation as in the
previous report [21]. However, the remarkable reduction
of the V¢ in the device could originate from the phase
transition of the VO, film in a metallic phase at high
temperature. At the dark state, Iy (referred to as the dark
current) in the VO, insulating state is ~6.67x10 ' A,
which is two orders of magnitude lower than that
(~9><1079 A) of the VO, in the metallic state, as shown in
the inset of Fig. 3e. This observation is a result of the
increased thermal generation of electrons across the
heterointerface with increasing temperature [45]. In the
illuminated state, the main contribution to I is the
photogeneration of free carriers, and temperature should
have a negligible effect on photogeneration in the estab-
lished heterojunction [25]. In contrast, in the correlated
electron heterojunction device of VO,/Nb:TiO, with the
MIT, I under illumination in the low-temperature in-
sulating state is first higher than that at the high-tem-
perature metallic state, but the I changes with an
opposite tendency as P further increases. Consequently,
the different evolution of I at 300 and 380 K in Fig. 3e
can be attributed to the phase transition as the VO, film
passes through the MIT region [46]. This result was
confirmed by the large modulation of V¢ on the order of
~10°, as marked in Fig. 3f, by comparing the Vo at 300
and 380 K. Notably, the electronic band structure of the
Nb:TiO, substrate is inert to temperature [47]. Therefore,
the distinct changes in the transport characteristics under
light irradiation in the insulating and metallic states
should be ascribed to the change in electronic band
structure of the VO,. At 300 K, the VO, film is an n-type
semiconductor with a narrow band gap (~0.6eV). At
380 K, the VO, film is a metal. Therefore, a phase-con-
trollable heterojunction type can be expected, indicating a
novel avenue to exploit the exotic properties of the VO,-
based interface.

DISCUSSION
Photocarrier injection process

In this section, we provide details on the photocarrier
injection across the interface between the VO, film and
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Nb:TiO, substrate. As mentioned in the Section of “Mi-
crostructure and interfacial chemistry studies”, the MIT
temperature is not altered by the light illumination, and
hence the photoinduced structural phase transition from
the normal insulating monoclinic to metallic rutile phase
should be absent. If the photoinduced structural phase
transition happens, the V-V atomic chain should change,
resulting in modulation of the MIT temperature [11,14].
However, we did not observe this result. Therefore, we
argue that the optical control of junction resistance and
MIT behaviors is not due to the structural phase transi-
tion, but by the photoinduced carried injection and
change of the energy band configuration due to the
temperature-driven MIT in the VO, thin films. Fig. 4a—c
show the energy bands of bulk VO, in the M1 (mono-
clinic) and R (rutile) phase of the Nb:TiO, semi-
conductor, respectively. The work functions (®y) of the
bulk VO, thin film in the low-temperature insulating and
high-temperature metallic states were ~4.8 and 4.7 eV,
respectively [48]. The work function (@) of Nb:TiO,
single crystal was ~4.1 eV [49]. The electron affinities of
the insulating VO, (yy) and Nb:TiO, (yy) were ~4.6 and
3.7 eV, respectively [43,50]. The energy band gaps of the
M1 VO, (Egy) and Nb:TiO, (Ey) were ~0.6 and 3.0 eV,
respectively, as shown in Fig. 4a and c¢ [37,48]. Lightly
doped Nb cations substitute for Ti cations in the rutile
TiO, lattice and mainly exist as Nb’* [51]. Therefore,
Nb’* works as an n-type dopant in the TiO, lattice and
generates additional carriers in the conduction band
(CB), producing a shallow energy level at ~0.1 eV below
the CB maximum (CBM). The Fermi level calculated
from the donor density was ~0.4 eV below the CBM, as
shown in Fig. 4c. Many theoretical and experimental
studies have shown that the host Ti'" ions are reduced to
Ti’" ions by slightly doping Nb (0.05 wt% in this work),
and oxygen vacancies are introduced because of charge
compensation [52-54]. The resultant deep defect level is
located in the gap below the CBM at ~1 eV, as shown in
Fig. 4c, with a spreading feature of the gap state. The
spreading width of the O> and Ti’* deep gap states is
approximately ~0.4 eV, which was experimentally
checked by photoemission and scanning tunneling mi-
croscopy studies in previous literature [51]. Fig. 4d shows
the dominant light absorption process of the rutile Nb:
TiO, semiconductor under 532-nm laser excitation in-
dicated by a green arrow. An electron is excited from
valence band (VB) to the deep defect level and thus the
pair of the photogenerated electron and hole is formed, as
shown by green arrow in Fig. 4d. The detailed optical
absorption processes are shown in Fig. S9.
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Figure 4 Energy band alignment of the VO,/Nb:TiO, heterojunction. (a-d) Energy band diagrams of the isolated VO, in the insulating and metallic
states, n-type Nb:TiO, without and with light illumination, from left to right, respectively. (e, f) Band alignments of the heterojunction with and
without light illumination on the VO, film in an insulating state, respectively. (g, h) Band alignments of the heterojunction with and without light
illumination on the VO, in a metallic state, respectively. The lengths of the line segment and arrow lines are not to scale for the energy level. The
symbols + and — represent the photogenerated hole and electron, respectively.

According to Anderson’s rule, as the insulating (or
metallic) VO, film and n-type Nb:TiO, crystal are
brought together, the Fermi energies of the two materials
must be equal at the thermal equilibrium state [55]. First,
at low temperature, the VO, with M1 phase is in an in-
sulating state, and the heterojunction is formed with a
type II band alignment through Fermi level matching, as
shown in Fig. 4e, since the work function of VO, film is
larger than that of the Nb:TiO, substrate. From the
electron affinity rule [56], we can deduce the built-in
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potential @y = Oy — Oy = 4.8 —4.1 = 0.7 (eV), conduction
band offset of AE. = xy — Xy = 4.6 — 3.7 = 0.9 (eV), and
valence band offset of AE, = AE, - AE. = (3.0 = 0.6) — 0.9
= 1.5 (eV). As the heterojunction device is excited by 532-
nm laser irradiation, the photovoltage induced by the
light illumination is always positive for the VO, film as
observed in the Section of “Transport characteristics
under light illumination”, indicating that photogenerated
holes should be selectively transferred to the VO, side,
with photogenerated electrons remaining in the Nb:TiO,
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side. We also excluded the contributions of photoexcita-
tion process in the VO, film to the photovoltaic effect
using a VO,/Nb-doped SrTiO; heterojunction device as a
control experiment (see Fig. S10). As a consequence, light
absorption should occur and the resultant photocarriers
must be generated in the Nb:TiO, substrate, but not in
the VO, film [21,57]. With the effect of the built-in po-
tential, the electron-hole pairs are separated at the in-
terfacial region, as shown in Fig. 4f, resulting in the
positive Vo and negative Is.. It is worth noting that the
deep gap states serve as the energy levels of electron-
accepting defects to facilitate photovoltage and current
generation. In addition, since the Ti’*/O” deep defect
level is close to the conduction band, the captured elec-
tron is likely to be emitted before recombination occurs
[58]. With increasing light power density, the transfer
holes are injected into the O 2p band of the VO, film,
which must combine the counter-electrons located near
the Fermi level (dominated by the 3d band of the VO,).
As a result, the resultant conducting hole carriers in the
d, band make the VO, film near the heterointerface a
metal, exhibiting optical control of the insulator-to-metal
transition under light irradiation below the MIT tem-
perature [27,59]. This case is different from the metalli-
zation triggered electrostatically on the surface of single-
crystal vanadium dioxide nanobeam via electrolyte gating
as reported in ref. [60].

Second, at high temperature, as the VO, film in a
metallic state, since the work function of the Nb:TiO, is
smaller than that of the metallic VO, film, a Schottky
barrier is formed, as shown in Fig. 4g. From the electron
affinity rule, we can obtain the built-in potential of such a
Schottky-type heterojunction @, = @y — Oy =47 — 4.1 =
0.6 (eV), and the Schottky barrier height @y = @, + (O —
xn) = 0.6 + 0.4 = 1.0 (eV). Upon light irradiation, the
positive Vi develops through separation of the electron-
hole pairs by the built-in electric field, as shown in
Fig. 4h. As a consequence, the barrier height @, is re-
duced by the photovoltage Vo, as shown in the n-n- and
Schottky-type heterojunctions marked in Fig. 4f and h,
respectively. The resultant photocurrent increases with
the illuminated power density in both the insulating and
metallic VO,/Nb:TiO, heterojunctions.

Based on the above theoretical analysis, the reduction
of the barrier height in the metallic VO,/Nb:TiO, het-
erojunction is approximately 0.1 eV with respect to the
insulating case due to the work function change of the
VO, film [61]. Therefore, a larger dark current in the
metallic VO,/Nb:TiO, device was observed in the Section
of “Transport characteristics under light illumination”.
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Based on the energy band structure analysis, we discuss
the dramatic reduction in the photovoltage (on the order
of ~1 mV) in the metallic VO,/Nb:TiO, device. It is
plausible that there may be two reasons for this ob-
servation described in the Section of “Transport char-
acteristics under light illumination”. First, the electron-
hole pairs created by the irradiation of the metallic phase
VO, tend to recombine easily due to an increased re-
combination rate at high temperature [44]. Thus, the
photovoltage is remarkably reduced. Second, the influ-
ence of the light illumination on the photovoltage is
minimal in the already metallic band structure of the VO,
film. In the high-temperature metallic state, the carrier
(electron) density and mobility of the VO, thin film are
enhanced by ~1000 and 10 times, respectively, compared
with the insulating state (see Fig. S11). Consequently, the
carriers at the d band of the VO, film are sufficient and
the Fermi level should not shift downward, even though
the photoinduced holes inject into the metallic thin films.
Therefore, the resultant Vi is remarkably reduced in the
Schottky-type VO,/Nb:TiO, device at high temperature.
As an accompanying result, the photovoltage can only be
modulated slightly and the junction resistance tunability
is also very weak as the VO, film is in the metallic state at
high temperature. A similar behavior of a reduced pho-
tovoltage was also observed in metallic YBa,Cu;0,/Nb-
SrTiO; and VO,/Nb:TiO, junctions upon UV light irra-
diation [62,63].

Photoinduced reduction of the effective barrier height

To quantitatively evaluate the barrier change under dif-
ferent illumination levels in the device, we fit the I-V
transfer curves to extract the apparent barrier height and
ideality factor. Supposing the thermionic emission (TE) is
the dominant current transport mechanism, the I-V
curves can be described as [38,56]

7 gV —IRy) | _ .. [_q(V—IRy)

I=1 exp[ T 1 —exp Tl , (1)
) @

Ip=S-4 -Tzexp[*%], ©)

V'=V-IR,, 3)

where S is the lateral area of the junction, R, is the series
resistance in the VO,/Nb:TiO, heterojunction, kg is the
Boltzmann constant, A* is the effective Richardson con-
stant with a value of ~156 A cm K ° for the Nb:TiO,
substrate [64], @, is the effective (apparent) barrier height
of the junction, n is the ideality factor, V' is the voltage
drop across the heterojunction, Iy is the saturation cur-
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rent, q is the magnitude of the electron charge, and IR, is
the voltage drop across the bulk Nb:TiO, substrate and
VO, film. This voltage drop is relatively small and ne-
glected in the approximate region of applied voltage (V >
0.1 V) [56]. Based on the above Equation (1-3), the fol-
lowing expression can be derived:

oo 1-ovlt)

We linearly fitted Equation (4) as a function of the
applied voltage V and extrapolated the slope and inter-
cept. Details are provided in Fig. S12. The ideality factor n
and apparent barrier height @, at different illumination
levels can be calculated from the slope and intercept,
respectively. Fig. 5a shows the ideality factor n as a
function of P. First, the ideality factor of the VO, film in
the low-temperature insulating phase is larger than that
of the VO, film in the high-temperature metallic phase.
This result could be related to the lower interfacial state
density of the VO, film in the high-symmetry (R phase)
metallic phase than that in the low-symmetry (M1 phase)
insulating phase. Similar behavior was also experimen-
tally observed in VO,/GaN heterojunctions [56]. In ad-
dition, # is close to unity in both cases, indicating that the
TE transport mechanism dominates in the n-n- and
Schottky-type device in this work. Second, a clear de-
crease in n as P increases can be observed in the n-n-type
VO,/Nb:TiO, heterojunction at low temperature, as
shown in Fig. 5a. This result confirms the metallization of
the VO, in the vicinity of the heterointerface, as men-
tioned in this section. However, n remains nearly un-
changed in the case of the metallic VO,/Nb:TiO,
heterojunction at high temperature, which is in ac-
cordance with the weak photovoltaic effect and un-
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regulated band structure of the VO, film under light
illumination, as discussed in this part of Sections of
“Photocarrier injection process” and “Photoinduced re-
duction of the effective barrier height”.

Fig. 5b shows that the apparent barrier height @, de-
pends on P. First, in the dark state, @, of the high-tem-
perature  metallic ~ VO,/Nb:TiO,  heterojunction
(~704 meV) is larger than that (~692 meV) of the low-
temperature insulating one, which is in accordance with
the reduction in the work function when going through
the insulator-to-metal transition [48,61]. Second, the net
reduction of @y in the insulating heterojunction was ap-
proximately 15 meV, from 692 meV in the dark state to
677 meV with an irradiance of 50.7 mW cm . As noted
in the Section of “Optical control of the MIT”, the
junction resistance is thus efficiently controlled by light
illumination since the electrons flow though the low
barrier more freely. In contrast, @, hardly changed with
increasing P when the VO, film was in the metallic state.
These two results show that the photocarrier injection can
modulate the band structure of the VO, film near the
Fermi level at the low temperature, but cannot change the
already metallic band structure at high temperature [59].

Potential application based on the VO,/Nb:TiO,
heterojunction

In this section, we propose and discuss a potential ap-
plication based on the VO,/Nb:TiO, heterojunction with
a vertical geometry. Fig. 6a shows the time domain
photoresponse of the device by measuring the evolution
of the photocurrent in response to ON/OFF and OFF/ON
operations. The photocurrent was approximately 0.13 pA
with an irradiance of 65.6 mW cm ~ and the background
current was approximately 0.42x10° pA. The photo-
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Figure 5 Optical control of ideality factor and barrier height. (a) Dependency of the ideality factor n on the power density in the insulating (300 K)
and metallic (380 K) states; (b) the apparent barrier height @, as a function of the light power density in the insulating (300 K) and metallic (380 K)

states.
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Figure 6 Potential photodetection application based on the vertical
VO,/Nb:TiO, heterojunction. (a) The photocurrent is programmatically
controlled by a sequence of light. (b, ¢) The photoresponse times in the
rising and falling edges under illumination with a power density of
65.6 mW cm °, respectively. A reverse bias ~0.5 mV was applied across
the heterojunction. (d) The proposed 2D photodetector based on all-
thin-film VO,/Nb:TiO, epitaxial heterojunctions.

current increased 309 times, further showing a 320-fold
tunability of the optical-controlled junction resistance by
light irradiation. In addition, the photocurrent instantly
increased before reaching an equilibrium state upon
turning on the 532-nm light. The photocurrent decreased
to the dark level immediately after the light was turned
off. This process occurs quite reproducibly and syn-
chronously follows the programmable sequence of the
light. No degradation was observed after switching hun-
dreds of times, as shown in Fig. 6a. It is mentionable that
hundreds of photocurrent switchings in advance can
ensure stability and durability of the VO,/Nb:TiO, het-
erojunction device. The corresponding response time
upon turning on and off the light is shown in Fig. 6b and
c. The rise and decay time is determined as ~0.3 and 0.5 s,
respectively, in which the device reached roughly 10% to
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90% of the maximum photocurrent [65]. The rise time is
overestimated owing to the temporal resolution limitation
of the existing experimental conditions. The photocurrent
increases upon turning on the light and quickly reaches
the saturation, indicating the photo-excited electronic
process of the charge separation and recombination in the
heterojunction. This behavior is a typical feature of the
photovoltaic effect rather than thermal effect in the device
[25,27]. The decay time is longer than that in the rising
process, which is ascribed to the Ti’* and O deep defect
states in the Nb:TiO, surface and interfacial states in the
VO, thin film induced through Ti inter-diffusion from
the substrate as evidenced in Fig. 1. This result is also in
line with the case of the VO,/WSe, heterostructures [30].
Additionally, since the temporal resolution is much
longer than the speed of the MIT in VO,, which is in-
trinsically as fast as pico-seconds [3,8], the transport
properties under light irradiation must be measured in an
equilibrium state in the heterojunction device. However,
in a conventional VO,/Al,O; thin film device with lateral
geometry, the rise and decay times were extended to ~9.0
and 13.0 s, respectively. Moreover, the optical tunability
of the resistance was ~1.1 times, which is two orders of
magnitude lower than that of the VO,/Nb:TiO, hetero-
junction device. Response behaviors of the lateral device
are presented in Fig. S13. Therefore, the response time of
the heterojunction device is much shorter than that of the
conventional lateral device. The fast response speed of the
heterojunction device likely occurs because the built-in
field quickly separates the photogenerated carriers in a
vertical geometry configuration. Additionally, in the VO,/
Al,O; lateral device, the photon interacts with the phonon
of VO, and a slower thermal dissipation modulates the
resistive property. This process is commonly slower than
the electronic process in the vertical heterojunction de-
vice through the photovoltaic effect [66,67]. Hence, the
photoinduced thermal effect can be fairly neglected in
this work, as mentioned in the Section of “Photoinduced
reduction of the effective barrier height”. Notably, the
decay time for the thinner VO,/Nb:TiO, heterojunctions
was approximately 0.36 ms after the UV light was turned
off [21], indicating that our devices show room for future
improvement. This difference results from the excitation
light at different wavelengths and power densities, re-
sulting in a different excitation process of Nb:TiO, and
band structure modulation across the heterointerface by
photocarrier injection. Furthermore, the longer rise and
decay time in this work may also be related to the loca-
lization of the Ti’" and O”~ deep defect states, which slow
the charge transfer process upon turning on or off the
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light illumination [68,69].

Next, we demonstrated the possibility of designing a
photodetector based on the heterojunction device. A
vertical VO,/Nb:TiO,-based area detector is schematically
shown in Fig. 6d, which is a sensor with multiple devices
arranged in a single package. Details on the single pho-
todetection component of such a conceptual area detector
are presented in Fig. S14. This 2D detector could be used
in a wide range of promising applications such as optical
imaging, light position detection, and spectrophotometry.
In the future, the facile integration of all-thin-film-based
photodetectors can be expected with the conventional
microelectronic process. Taking advantage of the state-of-
the-art techniques for VO, and TiO, thin film fabrication,
we can design all-thin-film single photodetection unit on
the ALO; substrates with epitaxial quality. As shown in
Fig. 6d, the Al,O; substrate was employed due to its high
transparency in the UV, visible and infrared regions.
Moreover, the c-cut AL,O; served as a good template for
growing epitaxial Nb:TiO, thin films with the rutile phase
structure. The VO, film was successively deposited on the
Nb:TiO, layer. After the sensor array was defined by a
conventional lithography process, the transparent amor-
phous SiO, layer was deposited for electric insulation and
to protect the sensors. The sensor signals can be trans-
ferred to the external control circuit through the pat-
terned electrode wires, as shown in Fig. 6d. For the
component materials of the detector, TiO, is the most
common functional oxide and can be crystallized in the
rutile phase with a band gap of 3.0 eV, providing excellent
material properties such as an outstanding stability to-
wards photon corrosion, nontoxicity, low cost, chemical
stability and optical performance [69,70]. The electronic
structures of TiO, can be easily tailored through ele-
mentary doping and/or defect engineering to generate
electronic states in the range of 0.5-1.5 eV or below the
valence band maximums (VBM) and CBM, providing
light absorption from UV to visible light [70-73]. In this
work, intermixing V and Ti across the heterointerface is
one doping strategy that could facilitate the visible light
absorption, as indicated in the Section of “Photocarrier
injection process”. Yang et al. [47,74] used sputtering
techniques to grow highly oriented Nb-doping TiO, thin
films, indicating that an epitaxial wafer-scale film could
be achieved in industrial production to prepare all-thin-
film detectors. This is good news for the proposed scheme
in this work. In addition, the VO, thin film can effectively
absorb infrared light due to its narrow band structure
[28,75,76]. For the same reason, the photoresponse can be
broadened to the deep ultraviolet region, if the photon
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energy is larger than the energy gap of the Nb-TiO,
substrate. The photoresponse under the violet and red
light irradiance are also demonstrated in Fig. S15.
Therefore, we can construct a 2D detector for imaging
with the ability to cover the UV, visible and infrared light
spectrum, which is desirable for uncooled optical detec-
tion and switching applications.

CONCLUSIONS

In summary, we constructed a correlated electron oxide
VO,/Nb:TiO, heterojunction device with a vertical geo-
metry, whose contact type can be modulated as an n-n-
and Schottky-type junction through the temperature-
driven MIT of the VO, film. The optical control of the
MIT and junction resistance switching was systematically
investigated using visible light illumination. We observed
that the magnitude of the MIT change exponentially
depends on the light power density, and the MIT tem-
perature does not change under light illumination. When
the VO, film was in an insulating state, the junction re-
sistance switched in a reversible and synchronous manner
upon turning the light on and off and the corresponding
visible optical tunability (~320) was achieved with an ir-
radiance of 65.6 mW cm _. In contrast, when the VO,
film was metallic above the MIT temperature, the optical
tunability remarkably weakened with a factor of a one-
fold change in the junction resistance under light illu-
mination. In the n-n-type heterojunction, a net reduction
(~15 meV) of the apparent barrier height and the pho-
tocarrier-injection-induced metallization of the VO,
heterointerface through the photovoltaic effect ensure the
great optical tunability of the MIT at low temperature.
Additionally, the optical tunability is minimal, resulting
from the quite weak modulation of the already metallic
band structure in the Schottky-type junction above the
MIT temperature. This work suggests a phase-con-
trollable contact type based on the construction of a
strongly correlated electron heterojunction. We also de-
veloped a remotely optical scheme to modulate the elec-
tronic structure and toggle the resistance states of the
heterointerface of the VO,/Nb:TiO, heterojunction at
room temperature, implying potential applications in
uncooled photodetection and photoswitch.
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