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undergo reversible MIT at 68 °C, ac-

Under physical conditions such as T, = 68 °C, Vanadium dioxide (VO,) companied by structural transition

undergoes a reversible transformation from a monoclinic phase to a
tetragonal rutile phase. This transformation is accompanied by a series of
changes in physical properties, including transmittance, conductivity, and
refractive index, which make it an excellent functional material. Based on this,
VO, has been extensively researched and applied in the fields of electronics
and optics, yielding remarkable results and making it a hot research material.
This paper reviews the phase transition mechanisms and optical/electrical

from monoclinic (P2,,) to tetragonal
rutile (P4,,,,..,)l! In the process of VO,
insulator-metal transition, the band
structure changes dramatically, the
band gap changes from ~0.67 to 0 eV,
the Fermi energy level passes through
from d,, and antibonding z* band, and
physical properties such as conductivity

properties of VO,, as well as its phase transition hysteresis. From the
application perspective, this paper summarizes the modulation content under
various external excitations and the element doping effects. Finally, this paper
summarizes the classic VO,-based devices, and points out the development
direction and potential of VO, in optics and electronics. This review provides
a systematic summary of VO,, which is useful for its practical applications.

1. Introduction

In 1959, F. J. Morinl!! first reported the dramatic change in the
conductivity of VO, caused by temperature change, which proved
the insulator-metal transition (MIT) behavior of VO,, and now
VO, has become a research hotspot in the field of condensed mat-
ter physics and phase change materials. VO, has been shown to
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and light transmittance change abruptly,
in which resistance/conductivity can
achieve a large jump of more than
three orders of magnitude, and infrared
light transmittance produces huge
modulation.l®!

As a strongly correlated material, in ad-
dition to classical thermal modulation,*!
external excitations such as electric
field,®) magnetic field,!! strong light,!”]
and strain!®! can also modulate VO, insulator-metal phase tran-
sition, and the effect is obvious. Among them, external elec-
tric field excitation, as an efficient and convenient modulation
method, is widely used in VO,-based devices, and the mecha-
nisms of effect is divided into joule heating,l®*°! pure electric
field mechanism [ and electrochemical mechanism.!"!l In ad-
dition, external electric field excitation derives many efficient de-
vice modulation structures, such as sandwich structure, planar
structure, field effect transistor FET structure and ionic liquid
gating structure, in recent years, the modulation method of ionic
liquid gating has developed rapidly, through the electric field
to control ion migration, which indirectly triggers phase transi-
tion in a non-thermal way by controlling ion migration through
electric field, which is attractive in new generation electronic
devices.>“!2] At present, the phase transition mechanism of VO,
is still controversial, one explanation is the Mott-Hubbard mech-
anism: VO, is regarded as a strongly correlated electronic sys-
tem, and its phase transition is caused by strong interaction be-
tween electrons;['*] Another explanation is the Peierls mecha-
nism: changes in crystal structure eventually lead to changes in
the band structure, causing phase transition in the material.'*]
It has also been suggested that the VO, phase transition comes
from the combined effect of the above two mechanisms.!’) Even
if the phase transition mechanism of VO, is unknown, its special
phase transition properties and multiple modulation methods
are widely used in the design and production of optical/electrical
devices, and satisfactory results have been achieved in the fields
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Figure 1. a) The lattice structure of tetragonal rutile VO, (left) and monoclinic VO, (right). Reproduced with permission.[2b] Copyright 2014, Springer
Nature. Schematic of the VO, band structure in the metallic b) and insulating c) states.

of optical and electrical switches, modulators, sensors, and smart
windows.[1¢]

In this paper, we have reviewed the phase transition mech-
anism of VO, and the changes of electronic and lattice struc-
tures in the process of phase transition, gives an overview of the
changes in optical and electrical properties and hysteresis caused
by the phase transition, summarizes the modulation methods of
VO, phase transition from the perspective of external excitation
of devices, discusses the influence of elemental doping, and fi-
nally summarizes the application progress of VO, material in the
field of optoelectronic devices in recent years, looks forward to the
development prospect of VO,, and provides help for the applica-
tion process of vanadium dioxide.

2. VO, Phase Transition Structure Change and
Mechanism

2.1. Crystal Structure and Electronic Structure Changes

The crystal structural phase transition (SPT) accompanying the
metal-insulator phase transition (MIT) has always been the re-
search focus of VO, materials, which is closely related to temper-
ature change. As shown in the Figure 1a, at high temperature (>
~340K), VO, is in a tetragonal rutile structure (R, P4,/mnm) and
the V atoms are surrounded by O octahedra; when at low temper-
ature (< ~340K), V** ions dimerize along the c; direction, and
the V-V chain length changes from the original 2.85 A to the al-
ternating distribution of 2.60 and 3.19 A, and the V-V dimer is
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slightly deflected relative to the c; axis, forming VO, monoclinic
phase (M, P2, /c) crystals with reduced symmetry of crystals.!"]
In addition, during the transition of VO, from M1 phase to R
phase, there are also intermediate structures near the phase tran-
sition temperature, such as M2 phase, M3 phase and T phase.!'”
The existence of intermediate structures indicate that the struc-
ture phase transition of VO, is a gradual process, which provides
an idea for studying VO, hysteresis curves. In some temperature-
dependent Raman spectroscopy or XRD spectroscopy studies, it
was found that physical properties and structural changes of VO,
did not occur simultaneously, and that the SPT changed before
MIT. However, in some VO, application designs, the SPT and
MIT are not over-partitioned, and it is basically determined that
the optical and electrical properties change at the same time as
the structure changes.

The structural phase transition in VO, is accompanied by a
change in the structure of the electron band near the Fermi level
(EF): according to the model proposed by John B. Goodenough, at
high temperature, the 3d electron orbital of V ions is split by the
crystal field into a combination of low-energy t,, states and high-
energy e°, states. Small orthogonal components of the crystal
field associated with different equatorial and apical V-O bond dis-
tances further split the t,, orbital into two d,, orbitals (z and z*)
and one d,, orbital. The e, orbital split into the ¢ orbital and the
anti-bond o* orbital. The ", orbital and e”,, orbital are hybridized
with the O ,, orbital to form a low-energy bonding combination
dominated by O ,, features and a high-energy antibonding com-
bination dominated by V ,, features (Figure 1b). For VO, (R), the
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d,, band and the antibonding #* band overlap each other and are
partlally filled, through which the Fermi level passes and VO,
takes on metallic properties. When VO, changes from a metal-
lic state to an insulating state (monoclinic phase), the dimer-
ization of V atoms intensifies, as shown in the Figure 1c, re-
sulting in the d,, band splitting into two parts: the d,* band
with higher energy, and the d;, band with lower energy full of
electrons, while the z* moves upwards above the Fermi level,
forming a band gap of ~0.7 eV, so that VO, exhibits insulating
properties. 318!

Studying the crystal structure and electronic structure changes
during VO, phase transition is crucial to explore the VO,
phase transition mechanism and study the related dynamic pro-
cesses. Only through a thorough understanding of the under-
lying mechanisms of the phase transition in the VO, system,
can we effectively control the phase transition process of VO,,
achieve optimal material properties, and expedite the application
of VO,.

2.2. Phase Transition Mechanism

At present, the proposed VO, phase transition mechanisms
mainly include: (i) Peierls mechanism based on crystal structure
change; (ii) Mott-Hubbard mechanism based on carrier concen-
tration change; (iii) The two mechanisms work together. The con-
troversy over the mechanism stems from whether the VO, phase
transition is electron-lattice interaction or electron-electron inter-
action. The role of V-V pairing structural effects versus electron
correlations for the splitting of the a,, orbitals remains open to
debate. In order to understand the mechanism of the VO, phase
transition, scientists have done a lot of researches and made great
progress.

First, the Peierls mechanism believes that VO, lattice distor-
tion leads to changes in atomic periodic potential energy, changes
in potential fields lead to changes in band structure, and then
band gap changes, and finally VO, undergoes metal-insulator
phase transition. This is a phase transition interpretation based
on electron-phonon strong interaction. Ishiwata et al."! found
that lattice distortion is consistent with changes in the electron
states around Ep, which confirms the role of the Peierls mech-
anism in energy splitting in the a,, state. In addition, Budai
et al.l?®! reported from the perspective of the entropy contribu-
tion of VO, phase transition that the entropy driving MIT in
VO, is dominated by strongly anharmonic phonons rather than
electronic contributions, and provided a direct determination of
phonon dispersions, affirming the key role of the Peierls mecha-
nism in VO, phase transition. However, some works claim that
VO, SPT and MIT are not simultaneous, realizing the decoupling
of MIT and SPT, thus denying that the structure drives phase
transition.[192% In addition, the Peierls mechanism does not an-
swer well the case of 0.6 eV band gap in VO, (M1) and the pres-
ence of intermediate phases (M2, M3, T) of VO, during phase
transition.[?!]

Later, it was found that Coulomb repulsion indeed plays a
major role in opening the bandgap, which means that electron-
electron interaction may be the driving source of the VO, phase
transition.[??] Unlike the Peierls mechanism, the Mott-Hubbard
mechanism explains the mechanism of VO, phase transition
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based on electron-electron interaction: when the free carrier
reaches a certain concentration, the occurrence of VO, phase
transition can be directly triggered. In some works, the existence
of the monoclinic and correlated metal (MCM) phase has op-
posed the causal relationship between SPT and MIT, strongly
demonstrating the key role of the Mott mechanism in the VO,
phase transition.[?’] In addition, under the action of electric field,
the phase transition of VO, can be directly triggered by carrier in-
jection, which also rejects the theory of structure-induced phase
transition.[?*l However, the Mott mechanism cannot well explain
the contribution of lattice distortion to band gap opening in the
second half of the phase transition process and the VO, phase
transition dominated by electron-phonon action in some situa-
tions.

Thus, some researchers begun to point the mechanism of the
VO, phase transition to the Peierls mechanism working together
with the Mott-Hubbard mechanism, also known as the Peierls-
assisted phase transition. Liu et al.[?®) quantified microbeam in-
frared spectra under conditions of temperature and stress alter-
ation and found that a first-order structural transition strongly
affected by the carrier-carrier interaction meaning that carrier-
carrier interaction increase the effect of Peierls pairing in VO,
and together lead to phase transition. Chen et al.l'% attributed
the bandgap opening of about 0.2 eV in the initial stage of MIT to
the electron-correlated driven Mott transition, and attributed the
bandgap increase from 0.2 to 0.8 eV caused by the rapid increase
of the twisting angle of the V-V chain to the structure-driven
Peierls transition, revealing that there are electron-correlated
driven Mott transition and structure-driven Peierls transition in
the MIT process of VO,. Likewise, Kim et al.[?%] revealed the Mott
IMT in the nondistorted monoclinic nanodomain between 55
and 63 °C and the distortion-assisted SPT above 60 °C by study-
ing the diffraction anomalous near-edge structure (DANES) to
measure X-ray absorption spectra.

In short, the current VO, phase transition mechanism is still
controversial, whether it is structure-driven phase transition or
carrier-driven phase transition, it has been experimentally veri-
fied, which also indicates that the two are more likely to work
together. Moreover, a large number of studies have shown that
the VO, phase transition mechanism may be closely related to
the triggering mechanisms. However, the determination of the
VO, phase transition mechanism needs more experiments to
verify.

3. Changes in Optical and Electrical Properties
Caused by VO, Phase Transition

When VO, undergoes insulator-metal phase transition, it is ac-
companied by changes in many physical properties, the first
of which is observed is the change of electrical property. With
the deepening of research and the improvement of experimen-
tal instruments, scientists have found that the phase transi-
tion of VO, is accompanied by changes in optical properties
and other interesting physical properties, which makes VO,
gradually become the object of attention in the field of device
preparation. Studying the property changes brought by VO,
phase transition is not only helpful to explore its phase tran-
sition mechanism, but also provides physical property modu-
lation data of VO, material, which is of great significance for
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Figure 2. The change of resistance measured with the amount (1, 3, 5, and 10 V) and the number (up to 10 times) of voltage pulses of a single VO,

nanowire. Reproduced with permission.[°l Copyright 2013, WILEY-VCH.

the practical application of VO,. This chapter mainly discusses
the research progress of optical and electrical properties changes
caused by VO, phase transition, and describes the thermal hys-
teresis phenomenon, which is innovative in VO,-related review
reports.

3.1. Changes in The Optical and Electrical Properties

In VO, system, the coupling of lattice, charge, spin and orbit
changes the optical, electrical and other physical properties of
VO, near the phase transition point.?!! The first physical prop-
erties studied were electrical properties, and Morin!!! first dis-
covered that VO, had a sudden change in conductivity near the
phase transition point, confirming the phase transition behavior
of VO,. Since then, numerous works have shown that the VO,
phase transition is accompanied by significant changes in elec-
trical properties. Among them, resistivity/conductivity is used as
a key parameter to evaluate the change of conductivity, and the re-
sistance/conductivity change of nanostructures can be achieved
by preparation technology of more than 3 orders of magnitude,
or even 5 orders of magnitude.

Surface topography is a key factor affecting the conductivity of
thin films, the smoother the surface morphology, the better the
conductivity.?”] In addition to controlling the morphology of the
film through deposition parameters, the substrate also has a great
influence on the topography. For instance, Cheng et al.[?®! chose
hexagonal 6H-SiC, which is similar to the VO, lattice structure,
as a substrate to deposit VO, films, and achieved a wide range
of resistance transition of 5.66x10* by controlling the deposition
parameters. The large conductivity change caused by the phase
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transition of VO, makes it a high-quality material for electronic
devices such as switches and transistors.

There is phase coexistence during the VO, insulator-metal
phase transition, and the M/R phase ratio is different in differ-
ent phase mixing states, and the proportion can be controlled
by externally applied energy (thermal, electric, light, etc.), result-
ing in multiple resistance.[*?°! In 2013, Bae et al.l°! applied volt-
age pulses of different value and number to VO, nanowires, as
shown in the Figure 2, using self-Joule heating, to achieve multi-
stage jumps in a large range of nanowire resistance, and even
in a small range can control changes in resistance less than one
order of magnitude. Based on the multiple resistance charac-
teristics, VO, has application potential in the field of memory
devices.

In addition, the examine of changes in the optical properties of
VO, has been around for a long time. After Morin used changes
in conductivity to prove the phase transition of VO,, and in 1966,
Barker of Bell Labs.?% found that when T>T, almost all VO,
polarization spectrum showed high reflectivity similar to typical
metallic or free carrier behavior, and the fitted infrared reflec-
tion spectrum showed significant changes compared to the low
temperature phase. In the decades that followed, the question of
changes in optical properties due to the phase transition of VO,
was gradually answered.

When VO, is in the insulating phase, the intrinsic band gap is
~0.67 eV3! and the optical band gap is ~2.5 eV,*?l and according
to equation (6): (ehv)? = A(hv-Eg), it can be seen that the wide op-
tical bandgap leads to a low absorption coefficient of the infrared
light,?1-33) and the existence of the intrinsic bandgap puts VO, in
the insulating phase with few free carriers, which further reduces
the light absorption, so that VO, (M) has a high IR transmittance
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Figure 3. a) Experimentally measured resistance of the VO, sensor as a function of temperature during the fully reversible heating and cooling cycle using
substrate heating; b) Temperature-dependent TCR value of VO, in the major heating and cooling curves across the phase-change region. Reproduced
with permission.[4?] Copyright 2023, Royal Society of Chemistry. c) Refractive indices (n and k) of VO, film with 160 nm thickness deposited on glass,
measured by ellipsometry. Reproduced with permission.[3®] Copyright 2023, Elsevier B.V. d) DSC spectrum of the bimodal VO, (M);134] ) Temperature
evolution of k during the heating and cooling processes of VO,. Reproduced with permission.[>] Copyright 2018, American Physical Society.

compared to VO, (R).3*l During the insulator-metal transition,
the Fermi level is in the d;, band, VO, appears as a metallic state,
the intrinsic band gap disappears, with the intrinsic bandgap
disappearing and the optical bandgap almost unchanged, but
with the increase of the concentration of free carriers in the en-
ergy bands and the absorption of electrons by intra-band leptons
in the V,, energy band, the reflectivity and infrared absorption in-
crease, so the infrared transmittance decreases.[>*>31 In addition,
the band gap can be doped widened**] or narrowed!'®! to im-
prove the transmittance of VO, films in the visible range or to in-
crease their near-infrared absorption. It has also been suggested
that there is a mathematical relationship between the widening of
the band gap and the doping content.[*! Details and mechanisms
of doping are discussed in Section 5. Finally, the microstructure
of the film also has a significant impact on the optical proper-
ties of VO,.?”) For instance, surface roughness affects the reflec-
tivity of the film structure,*) and film porosity also affects light
transmittance.*®)

It is of great significance to study the changes of optical and
electrical properties caused by VO, phase transition, which is the
premise of VO, application in the field of electronics and op-
tics. At present, the excellent physical modulation performance
of VO, nanostructure can be realized, and it has broad applica-
tion prospects in the future, but the theoretical exploration and
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performance optimization of VO, optical and electrical proper-
ties still need to continue.

3.2. Study of Thermal Hysteresis

The metal-insulator phase transition of VO, belongs to the first-
order phase transition, and there is latent heat in the phase
change, so superheating and supercooling are required during
the heating and cooling process to trigger the phase transition,
resulting in thermal hysteresis. Thermal hysteresis is one of the
distinctive features of phase change materials. The thermal hys-
teresis width is an important criterion to measure the degree of
hysteresis, and it is also a key parameter to consider in the appli-
cation of VO, materials. In the case of VO,, thermal hysteresis
loop width (AH) is calculated from the refractive index, transmit-
tance, electrical resistivity, temperature coefficient of resistance
(TCR), thermal conductivity and differential scanning calorime-
try (DSC) (Figure 3), and the expression isl*?:

AH = Tc,heating - Tc,cooling (1)
where T peaing a0d T ooring correspond to the phase transition
temperature of VO, during heating and cooling process, respec-
tively. The physical mechanisms affecting AH are complex, first,
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according to the nucleation theory, the strain energy determines
the hysteresis width by the change in shear energy during heat-
ing and cooling,*’!

AH —%nGyZ 2
=13 2)

where 7 is the shape parameter, G is the shear modulus, y is
the shear strain, and AS is the entropy changes. As can be seen
from Equation (2), the morphology and roughness of the VO,
nanocrystals determine the # value, which affects the hysteresis
width. Experiments show that for the flake nanocrystalline VO,
prepared by magnetron sputtering, the # tends to be close to 0, the
hysteresis width is also close to 0, and the hysteresis curves basi-
cally coincide.[*%341] Tn addition, the VO, film prepared by flexible
substrate has a small shear modulus G due to its flexibility, and
can also maintain a low hysteresis width.[*"]

Second, when the effect of stress on hysteresis is negligible
(the film thickness is greater than the critical thickness), the effect
of the interfacial energy can be analyzed,*?!

AT =X
r,AS

G)

where AT, is the deviation from the equilibrium transition tem-
perature, y is the interface energy, r. is the critical size of the
stable nucleus, and AS is the change in entropy between the
two phases. There was a positive correlation between AH and
AT,.[*22<] The interfacial energy is related to the grain bound-
ary orientation, and studies have shown that large-angle, ran-
domly oriented boundaries will lead to greater hysteresis,/**] and
the choice of substrate will also significantly affect the hysteresis
width.**) The effect of grain size on hysteresis width can also be
deduced from Equation (3): the grain size is proportional to r,
so the hysteresis line width is inversely proportional to the aver-
age grain size of VO, films.[*?2#4] The size of the grain size can
be controlled by controlling the partial pressure of oxygen during
the deposition process.!*4]

In addition, defects are also thought to be the origin of hystere-
sis, and as the density of nucleating defect increases, the driv-
ing force required to produce the activated nucleation sites de-
creases, so high defect density often leads to narrow hysteresis
width.[**%5] Doping is considered to be an effective way to con-
trol the nucleation density of defects, and it is easy to achieve
narrow or even no hysteresis.[*®! In addition, the relationship be-
tween the aggregation and hysteresis of VO, particles has also
been studied, and experiments have shown that the aggregation
of VO, can reduce or even eliminate the inverse relationship be-
tween grain size and hysteresis, and the degree of agglomera-
tion is affected by the annealing time.[**] In addition, the ther-
mal hysteresis width is different for different physical proper-
ties (light transmittance, resistance, etc.). At present, there is no
unified physical explanation for hysteresis, but we believe that
the hysteresis of VO, in experiments is often affected by many
of the above factors. Therefore, when designing VO,-based de-
vices, the AH can be adjusted by methods of doping or adjusting
the preparation parameters to obtain the ideal thermal hysteresis
width.
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During the electrically excited VO, thermal phase transition,
the Joule thermal effect causes the thermal hysteresis loop width
of the film to widen, resulting in a longer recovery time of the
phase transition, which adversely affects the response speed of
the device.®®] Therefore, obtaining narrow hysteresis loops of
the VO, film is significant for improving the performance of
VO,-based devices. Among them, doping has obvious effect on
shortening AH. For example, Huang et al.*’] doped 1 at.% Hf in
VO, films to achieve a narrow thermal hysteresis width of AH =
1.9 K. Even, Yang et al.[*¥] used Ni doping to eliminate the mag-
netic moment-temperature hysteresis based on the principle of
magnetoelastic coupling between Ni and VO, films through re-
versible structural phase transition.

In addition, optimizing the preparation conditions can also
achieve high sharpness thermal hysteresis. For example, Makare-
vich et al.’!] optimized the annealing process of VO, films, and
achieved the balance between dense fusion and structural con-
tinuity of the film under the annealing condition of 600 °C for
60 minutes, and successfully prepared VO, films with high hys-
teretic sharpness, in which AH was only 0.7 °C. Zeng et al.[)]
controlled the deposition thickness of the precursor film (V,0s)
by film thickness monitor, grew VO, particles of different sizes,
and finally achieved a minimum MIT temperature of 41 °C with-
out hysteresis. Chang et al.*®! proposed a new strategy for direct
deposition of VO, thermochromic films on flexible substrates us-
ing Cr,0; structural template layer, which have hysteresis line
widths of less than 1 °C.

The purpose of reducing the thermal hysteresis width is to
reduce the effect of hysteresis and improve the response speed
of the device, which is important in high-speed devices such
as sensors and switches. In addition, the essence of AH reduc-
tion is the reduction of the energy barrier, so the narrow ther-
mal hysteresis curve width can improve the response of the de-
vice to ambient temperature, which can improve the energy-
saving effect in smart windows and other similar devices.[%!
However, in some application environments, especially mem-
ory devices such as memristors, the existence of VO, hystere-
sis characteristics is the key to device design, and the following
briefly introduces memory devices designed with VO, hysteresis
characteristics.

Bae et al.’! first reported a two-terminal memristor memory
based on a single VO, nanowire, which used the special hystere-
sis characteristics of the VO, I-V curve to maintain thermal sta-
bility in the hysteresis region through Joule heating generated by
a specific bias voltage, and then used electrical pulses to achieve
resistance switching.

In 2022, Jung et all® designed an integrated hybrid
VO,—Silicon optical memory, as shown in the Figure 4a. VO, is
first kept within the IMT hysteresis at a constant voltage bias,
and then excess carrier generation is induced by optical pulses,
triggering the Mott-assisted Peierls structural phase transition
(SPT) (Figure 4b). Since the phase of VO, affected the electri-
cal current of the device at the bias terminals and optical trans-
mission of the underlying waveguide, the memory can be read
out by the current or waveguide output transmission changes
(Figure 4c,d).

Finally, the hysteresis loop represents the phase coexistence re-
gion, which provides an idea for explaining the VO, phase transi-
tion mechanism. Based on the application of VO,-based devices,
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the influence of thermal hysteresis phenomenon on the design of
VO,-based devices needs to be considered in many dimensions.
In the future, the pursuit of zero hysteresis and efficient mem-
ory performance will be the two directions of VO, material in
the application of hysteresis characteristics, and how to control
hysteresis in a wide range will be an important topic in VO, ap-
plications.

4.VO, Phase Transition Modulation Methods In
Optical and Electrical Devices

As a traditional phase change material, VO, can respond to var-
ious external excitations. Since the discovery of VO, insulator-
metal phase transition at ~about 340 K, VO, has been developed
a variety of carrier-based or lattice-based insulator-metal phase
transition modultion methods: external heating, external electric
field, light, strain and magnetic field. In addition, the thresh-
old of VO, phase transition adjustment field can be reduced by
element doping, device-related film layer size adjustment and
strain adjustment, so as to assist in adjusting VO, insulator-metal
phase transition. This section mainly introduces the modulation
method of VO, material phase transition based on the application
aspect, and studies the development status of its control mode, so
as to provide help for the diverse control of VO, insulator-metal
phase transition in the future.

Adv. Electron. Mater. 2024, 10, 2300699 2300699 (7 of 40)

4.1. External Heating Source Modulation

The modulation of VO, phase transition by external heating
source is the most classic and direct device control method,
but because it cannot change T, this modulation method is
rarely discussed. However, we believe that this control method
is currently the most extensive control method for VO,-based
devices, and there are still some key issues that need to be
discussed.

The control method of VO, phase transition by external heat-
ing source appeared in a multitude of test experiments of VO,
phase transition characteristics in the early stage. For example,
Morin!!l directly heated by this method, and then observed a
sudden change in VO, conductivity, proving the VO, insulation-
metal phase transition behavior. Until now, all studies involving
the phase transition of VO,, especially to test the degree of in-
fluence of other modulation methods on T, mostly have been
subjected to heat tests on samples to evaluate the thermochromic
properties.[8]

In addition to being an ordinary auxiliary test, the external
heating source control method plays an important role in the con-
trol of many VO, applications, and many heating control struc-
tures are derived from it. Kim et al.>! designed a solid state pas-
sive switchable radiator for spacecraft thermal control, which in-
stalled a heating stage at the bottom of the device to simulate the

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

95UB017 SUOLLLIOD) SIS0 8|l dde au Aq pouenob 812 saole YO ‘88N J0 S9N o} ARG 8UIIUQ AB]IAA UO (SUONIPUOD-PUE-SLUISYW0D" A | IMAle.q1BUI|UO//:SANLY) SUONIPUOD Pue S | 8U) 89S *[7202/70/82] UO ARIqTauliuO A81IM ' ADOTONHOTL 40 A LISHIAINN NYHNM Ad 66900202 W Be/Z00T 0T/10p/W0d A8 1M ALeiq 1 jpul|uo//:sdny woj pepeojumoq ‘v ‘%20z ‘X09T66TZ



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

Open Access,

www.advancedsciencenews.com

(@

www.advelectronicmat.de

(b)

Mgo || Mgo
(001)

(110)

Peltier heater

Figure 5. a) A sketch of a radiative thermal transistor. Reproduced with permission.[*P] Copyright 2019, American Physical Society. b) Schematic illustra-
tion of the experiment, where a pattern of orthogonal double-clamped microbridges was fabricated from VO, thin films grown on top of different MgO
substrates and characterized by optical profilometry and electrical transport as a function of temperature. Reproduced with permission.[>*] Copyright

2020, American Chemical Society.

temperature of the spacecraft to control the VO, phase transi-
tion, so as to control the emissivity of the device, realize a wide
range of control of radiation power, and optimize the heat dissi-
pation effect. Latella et al.*’! designed a radiative thermal tran-
sistor, as shown in the Figure 5a, given a heating source, the
state of the VO, gate is controlled by Peltier heating, thereby
controlling the energy from the source radiation to the drain
SiO,, achieving dynamic modulation and even amplification of
the super-Planckian heat fluxes. Similarly, Manca et al.>* built
VO, microbridges on different substrates on Peltier, revealing
the influence of different crystal structures on the strain dynam-
ics and absolute strain values of the thin films, as shown in the
Figure 5b.

Because external heating control has no effect on the phase
transition characteristics of VO,, many related works are mainly
based on the application level. In addition, the T value of the
material can be reduced by other modulation methods, which
makes it unnecessary to actively add a heating source for heating.
In addition, when designing micro devices, the external heating
source setting needs to consider the uniform heating of the de-
vice and the application environment space. Finally, the energy
consumption of thermal control is higher than that of other con-
trol methods, and the tuning speed is much less than that of elec-
trical tuning, and its control accuracy is low, and its application in
the field of fast devices is limited. The following mainly summa-
rizes the modulation method of VO,-based optical and electrical
devices from the aspects of electrical, optical and strain control.

Adv. Electron. Mater. 2024, 10, 2300699 2300699 (8 of 40)

4.2, External Electric Field Modulation

In the last century, the problems of filamentary conduction and
“S” type I-V curves in VO,-based devices have been studied, but
it has not been explicitly stated that the external electric field can
directly trigger VO, MIT.[®! In 2000, Stefanovich et al."*"! used
the metal/oxide/metal (MOM) structure, the carrier is injected
to test switching delay time t,;, which negated the original elec-
trothermal model of VO, phase transition, and it is the first re-
port that VO, phase transition can be triggered by electric fields
or electron injection. Over the next two decades, the researchers
used different device structures to achieve VO, phase transition
controlled by external electric fields. It is found that the use of ex-
ternal electric field to control VO, can achieve rapid phase transi-
tion, improve the fatigue resistance of devices and reduce energy
consumption, and the electric field control VO, phase transition
(E-MIT) has gradually become a research hotspot in device prepa-
ration, and has achieved ideal application results.

4.2.1. Modulation Structures

With the development of science and technology, the prepara-
tion level of VO, nanostructures and related electronic devices
has gradually improved, and researchers have begun to study
different VO,-based regulatory structures to study the mecha-
nism, control and property changes of VO, E-MIT, and on this
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Figure 6. a) Current-density ] versus voltage V curve for VO,-based two-terminal Device. Reproduced with permission.[”] Copyright 2005, American
Institute of Physics. b) Schematics of TTD. Reproduced with permission.[>8] Copyright 2018, American Institute of Physics. c) Schematic representation
of the optical measurement setup. Reproduced with permission.[>3] Copyright 2021, American Association for the Advancement of Science.

basis, VO,-based devices with excellent performance have been
developed and put into the market. According to the existing
research, the regulatory structure of VO,-based devices can be
roughly divided into planar structure, sandwich structure, FET
structure, ionic liquid gating structure and some combinations
of the above structures. Below we will introduce the characteris-
tics and application development of VO, E-MIT device regulatory
structure.

Planar Structure: VO, planar structure refers to the work-
ing electrodes of VO, nanostructure in the device in the hori-
zontal direction, and the size of the applied lateral electric field
strength is controlled by adjusting the size of the test electrodes,
the distance between the electrodes and other parameters, and
most double-ended device structures belong to this structural
category.

As early as 2005, Kim et al.5”l of the Daejeon Electronics
and Telecommunications Research Institute in South Korea used
laser ablations to deposit VO, film on Al,O, substrate, and pre-
pared the device structure on the left of Figure 6a, when T =
35 °C, it was found that the current density of the film was
abruptly changed, so it was pointed out that the electric field in-
duced VO, MIT.

Afterwords, Gu et al.’®) prepared a two-terminal device (TTD)
based on VO, polycrystalline thin film on quartz and Si/SiO2
substrates for direct current drive MIT experiments (Figure 6b),
and found the dominant role of Joule heating mechanism in
inducing VO, MIT. Unlike Gu et al, Sun et al.’®) coated a
PEG/VO,(M) layer between two planar electrodes and achieved
a sudden current transition at 40 V, demonstrating that the VO,
phase transition can be controlled by a pure electric field. It can
be seen that although the planar structure is simple, the mech-
anisms that induce the phase transition of VO, may be diverse,
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and its performance is also easily affected by the preparation pro-
cess and substrate type.

Based on this simple configuration, the planar structure is suit-
able for making traditional electric switches, which is convenient
for studying the influence of Joule heating and other factors on
phase transition and testing optical properties. For example, Valle
etal.l’# reported in “Science” the spatiotemporal characterization
of VO, field-induced insulator-to-metal transition, in which the
Au/Ti electrode defines a planar VO, bridge for inducing resis-
tance switching (Figure 6¢), measuring reflectivity, and investi-
gating Joule heating.

In addition, some researchers have also adopted a 1D struc-
ture similar to the planar structure in the phase transition test
of VO, nanowire structure.’>®! Compared with other field con-
trol structures, planar structures have the advantages of simple
preparation, easy to test and observe current, and no obscuration
in the VO, phase transition area, and have attracted more atten-
tion in the application of current/resistance switches and some
optical switches. However, it is arduous to suppress the influence
of Joule heating in a planar structure without adding an external
cooling source, so the application of this structure has certain
limitations.

Sandwich Structure: Sandwich structure is VO,-based elec-
tronic device structure made by stacking layers of material and
inducing a VO, phase transition by applying a vertical electric
field to the working electrode, such as the MOM and MIM struc-
tures mentioned in some literature. The sandwich structure used
by Stefanovich et al. who first conducted systematic research on
VO, E-MIT.The following is a brief introduction to the develop-
ment of the sandwich structure:

In 2013, Zhou et al.l’!l achieved ultrafast conversion of steep
resistance with large switching ratio of VO, film through the
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Figure 7. a) Schematic of the sandwich sample structure. Reproduced with permission.[52] Copyright 2015, American Institute of Physics. b) The typical
device architecture and an atomic force microscope (AFM) image of the VO, channel area. S, D, and G indicate the source, drain and gate electrodes,
respectively. Reproduced with permission.[83] Copyright 2015, NATURE RESEARCH. c) Schematic diagram and insulator-to-metal transition in three
structures of MIM VO, devices with voltage sweep. Reproduced with permission.[%4] Copyright 2021, WILEY-VCH.

electrode-VO,-electrode (MIM) two-terminal structure, and thus
negated the simple Joule heating mechanism explanation for the
VO, phase transition.

To reduce the effects of Joule heating, Daichi Matsunami and
Asaya Fujital® fabricated a layered structure like Figure 7a, in
which the designed insulating layer acts to block Joule heating
generation, and the electric field strength applied to VO, can also
be changed by adjusting the thickness of the insulating layer. To
further rule out the effects of Joule heating, Hao et al.[%! designed
the FTO/VO, /FTO sandwich structure, and the device current
jumps at T = 20 °C and Vy = 9.2V, achieving non thermally
controlled VO, phase transition.

Unlike the traditional overlapping sandwich structure, Kabir
etal.l proposed three MIM structures based on VO, electrically
triggered IMT: offset, no offset, and overlap (Figure 7c). Experi-
mental and simulation results show that the electric field is the
main factor inducing the VO, MIT, and the magnitude is only
related to the structure, and there are differences in the resistive
switching ratios of different structures, which is important for
improving the scalability and reducing the power consumption
of high-speed electronic devices. Compared with other test struc-
tures, the sandwich structure is easier to achieve large-area mod-
ulation of VO, phase transition by electric field, and trigger VO,
MIT through a single field. In addition, due to the role of pure
electric field mechanism, it is easier to achieve ultrafast switching
of VO, devices using the sandwich structure, and the sandwich
structure is small in size and easy to integrate, which is attractive
in the new generation of optical and electrical devices.

FET Structure:  After discovering the special E-MIT mecha-
nism of VO,, some researchers linked it to the working mecha-
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nism of FETS, and tried to use gate voltage to trigger VO, resis-
tance switches to realize the gating function of FETs.

In 2004, Kim et al.[1%] designed a three-terminal FET device
and tested circuit, using the source drain field and gate field to
induce holes to the conduction band, triggering VO, MIT, and
initially realized the function of Mott FET. Kim’s work opened
up the study of VO,-base FET structures.

In recent year, In recent years, researchers have designed
many novel FET structures using VO,. For example, Sasaki
et all®l demonstrated the reversible and dramatic regulation
of vanadium dioxide nanowire transition properties by electric
field-induced hydrogenation at room temperature using field-
effect transistors (PG-FETs) with planar gates (Figure 7b), where
nanogaps can be used to modulate the atmosphere in which VO,
nanowires are located, similar to planar structures. Afterwards,
Abbas et al.I®] studied the effect of electric fields on VO, backgate
field-effect transistor (FET) device, achieving a two-order modu-
lation of VO, resistance at a gate voltage of 80 V.

Similarly, Yajima et al.l*”] also designed a backgate FET struc-
ture based on VO,, using Nb:TiO, as the dielectric layer, the pinch
effect of I, saturation in the phase transition device was observed
for the first time, and the effect of drain voltage sharpening gated
leakage current transition was found.

Compared with two-terminal devices, VO,-based FET devices
have reversible and non-volatile response at room temperature,
and the threshold voltage is lower, which has advantages in the
design and manufacture of some electronic components such
as Mott FETs and non-volatile memory, low-voltage switches,
and neuromorphic devices. However, most of the structures use
electrostatic gating methods, which have high requirements for
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Advancement of Science.

dielectric constant, thin film quality and gating field, resulting in
high difficulty in the preparation of devices Ionic liquid gating
structure.

ITonic Liquid Gating Structure: Unlike ordinary FETs, ionic-
liquid gated structures use ionic liquids as a dielectric region
to control ion migration through an electric field to induce VO,
phase transition. Among them, the electric double-layer transis-
tor (EDLT) structure is the most classic.

In 2012, Liu et al.l'?] constructed an electric double-layer tran-
sistor (EDLT) to accumulate electrolyte-VO, surface charge to
trigger the surface metal-insulator transition (SMIT) on the sur-
face of single-crystal VO, nanobeams by electrostatic injection.
In the same year, Nakano’s groupl> reported in “Nature” a VO,-
based electric double-layer transistor (EDLT), using organic ionic
liquid DEME-TFSI as the gate region medium, to study the elec-
trochromic behavior of the device, showing the multifunctional
application value of VO,-EDLT.

The choice of dielectric layer material is critical to device
performance, and in recent years, several researchers have
achieved excellent device performance using highly efficient
electrolyte materials. Chen et al.l%! of the University of Sci-
ence and Technology of China selected a water-free electrolyte
gel Li*/propylene carbonate as the IL dielectric layer (Figure
8a), and realized the phase modulation of nano-VO, crys-
tal thin film under the gated threshold voltage Vo = 2 V
(Figure 8Db). Zou et al.l®! dissolved NaClO, in PEO to con-
figure a gel-like electrolyte and act as an IL layer, as shown
in the Figure 8c, by adjusting hydrogen ion doping by elec-
tric field gating to achieve light transmittance modulation of
smart windows. Smieszek et al.'% studied the phase transi-
tion dynamics of the two-dimensional VO, layer under high
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electron injection limits, and realized the VO, phase tran-
sition by electrochemical gating, in which the ionic liquid
uses a propylene acid (PC) electrolyte containing Li* or TBA*
perchlorate.

Compared with other structures, ionic liquid gating can in-
ject more carriers, which proposes a new way for electric field
induction and ion migration, and this control method has
great application prospects in VO,-based electrochromic devices
such as smart windows and filters. However, in some elec-
tronic devices, ionic liquids may induce electrochemical reac-
tions at the solid-liquid interface at the same time, making pre-
cise control difficult and limiting the study of electrical phase
control.l?7]

In recent years, research information on the modulation of
VO,-based devices is summarized in Table 1. At present, the re-
search of device structure mainly focuses on how to achieve ultra-
fast phase transition of VO,, avoid Joule heating, reduce control
difficulty and improve control accuracy, etc., in addition, the de-
vice structure has a significant impact on the phase transition in-
duction mechanism of VO, under electric field. Therefore, study-
ing the structure of VO,-based devices is of great significance to
the exploration of the mechanism of controlling VO, phase tran-
sition in the future and the new generation of optical and electri-
cal devices.

4.2.2. Modulation Mechanisms
In the design of VO,-based devices, the choice of VO, MIT reg-

ulation mechanism is particularly important, which is greatly
related to the response characteristics and application direction
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Table 1. The structure and mechanism of electric field controlled VO, MIT in recent years.

Date Modulation structure Vg (RT)? Modulation mechanism Reference.
2018 lonic liquid gating 2V Electrochemical [68]
mechanisms (Li+)
2018 Planar 40V Joule Heating [58]
2018 Tip electric field -2.4V Oxygen vacancies [70]
2018 Planar 0.4V or Landau-Zener tunnel [71]
breakdown
2.87x107 V.m™!
2019 lonic liquid gating 1.0V Electrochemical [69]
mechanisms (H+)
2019 lonic liquid gating 1.2V Electrochemical [11b]
mechanisms(H+)
2020 Nanobeam ~5.2Vor Electric field [5b]
1.5 MV m™!
(Teir = 105 K)
2020 Planar 38Vor Joule heating and Electric [72]
field
105 Vm™!
2021 Planar 15.7Vor Joule heating and Electric [73]
field
(Interdigitated ~10°V m~!
Electrodes)
2021 Planar v Joule Heating [5a]
(Teir = 335 K)
2021 Sandwich 5Vor Pool-Frenkel Mechanism [64]
1.57x107 V m~!
2022 Tip electric field 0.5V-1V Oxygen vacancies [74]
(Vbias>4 V)

I RT is room temperature.

of the device. For two decades, scientists have proposed a vari-
ety of division concepts for the mechanisms of VO, electric in-
duced phase transition, and early in the research, researchers
focused on studying the effects of Joule heating in VO, E-MIT
to determine whether VO, phase transition can be induced by
pure electric field. With the study of microscopic processes and
advances in detection techniques, multiple E-MIT mechanisms
have been reported.l’>21047275] The following paper mainly dis-
cusses the regulatory mechanism of VO,-based devices from
the Joule heating, electric field mechanism and electrochemical
mechanism.

Joule Heating:  Joule heating effect is the most classical mech-
anism for regulating VO, phase transition, which comes from
current heating in VO, electronic devices and is the research fo-
cus of VO,-based electronic devices. The following is a brief de-
scription of the development of the Joule heating mechanism in
VO, phase transition.

Bae et al.’! fabricated a two-terminal memristor memory
based on a single VO, nanowire, which realized the resistance
switching and reseting through the self-joule heating effect un-
der bias voltage. Subsequently, Rathi et al.’%l identified five
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current transition stages of the I-V curve of VO, NB at —4-
+4 V, and the study showed that Joule heating and the Poole-
Frenkel mechanism play a role in different stages of VO, phase
transition.

Wang et al.”?] applied voltage to the film, they found that elec-
tric field mechanism and Joule heating coexist, and these two fac-
tors have a synergistic effect, which can reduce the requirements
of a single factor to trigger the phase transition, in addition, Wang
and his team believe that after de-voltage, Joule heating can main-
tain the tetragonal rutile structure of VO, film for a period of
time.

In 2021, Bayram et al.’l used COMSOL to perform finite el-
ement simulation analysis of their VO,-based suspended mem-
branes modulator, and the results showed that the phase tran-
sition observed in the experiment was caused by Joule heating
and electric field. In the same year, Valle et al.l*! studied the spa-
tiotemporal characteristics of the transition from field-induced
insulator to metal and finally concluded that the growth of the
metallic phase can be explained by Joule heating alone, and Joule
heat dominates the growth of the metallic phase region when the
structural current increases. Research by Valle et al.**] identified
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key parameters that control switching speed, which are critical for
proper material selection and device design in emerging infor-
mation technologies such as optoelectronics and neuromorphic
computing.

On the one hand, the existence of Joule heating mechanism
can achieve superior modulation effect and new application of
devices by cooperating with electric fields, and on the other
hand, it also provides a new development direction for VO, ther-
mochromic applications. However, due to the existence of Joule
heating, the sensitivity, response speed, control accuracy and en-
ergy consumption of some optical and electrical devices are af-
fected, so how to suppress the influence of Joule heating has be-
come the research focus of VO,-based devices. Pure electric field
triggering methods such as carrier injection or increasing car-
rier density are positive choices for VO, device start-up that sup-
presses the influence of Joule heating.

Pure Electric Field: As early as 2000, experiments by Ste-
fanovich et al.l'**! showed that electron injection can trigger VO,
MIT. As the most representative regulation method under the
electric field mechanism, carrier injection has been widely stud-
ied and applied, especially in the field of ultrafast electronic de-
vices, and has become an ideal trigger mechanism.

In 2004, Kim et al.l'%] induced MIT by gate injection holes in
a three-terminal device, revealing that MIT relies on hole carriers
in semiconductor systems, and proposed that hole carrier injec-
tion causes the I ¢-Epg curve of the device to shift. Pergament
et al.”’] claim that high electric fields can be injected into carri-
ers through contact, resulting in an increase in carrier concentra-
tion, and according to Mott’s criterion, MIT is induced when the
carrier concentration reaches a critical concentration.

In 2017, Sohn et al.'®! found that negative differential re-
sistance (NDR) occurs at an approximately constant current
level, noting that this is the result of carrier injection-induced
phase transitions, independent of thermally induced phase tran-
sitions. In addition, some studies have shown that the Pool-
Frenkel effect under pure electric field can effectively reduce
the energy barrier, excite free electrons, and increase carrier
concentration.”>12>6478] Zener tunneling®® is also a well-studied
mechanism of field-induced doping and Mott instability in insu-
lators.

There is no uniform answer to the way and explanation of VO,
phase transition under the pure electric field mechanism, which
can be determined according to the specific structure and work-
ing mode of the device. However, the more unified view is that
the pure electric field mechanism is easier to achieve the ultrafast
phase transition of VO,, and the energy consumption is lower
due to the small influence of Joule heating, which is extremely
promising in the integration of electronic devices. At present, for
the development of VO, devices, such as new FETS, light detec-
tors, neural networks and other high-speed optical and electri-
cal applications, the electric field mechanism is often the trigger
mechanism that is the primary consideration.

Electrochemical Effect: The electrochemical mechanism is
based on the electric field as the intermediary, through ion mi-
gration, bonding or splitting that occurs through chemical bonds,
and then change the VO, lattice structure or electron correlation
to achieve VO, modification. The two most common forms of
electrochemical mechanisms are ion doping and oxygen vacancy.
Both forms are often involved in liquid-gating structures.
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The most common ion doping is H* and Li* doping. In 2019,
Deng et al.l'" used gate injection H* to combine with O~ to
form H-O bonds (Figure 9a), increasing carrier density, making
electron-electron and electron-structure correlation stronger in
VO,, resulting in shortening of V-V chain length, thereby induc-
ing VO, phase transition. In 2022, Smieszek et al.'?] designed
an electrochemically gated structure to form a Li—O bond at 0>~
by injecting Li* into an ionic liquid, increasing carrier density
and inducing VO, phase transition.

Finally, the oxygen vacancing mechanism is also a com-
mon electrochemical mechanism. The principle is that oxy-
gen migration occurs in VO, through voltage bias, vacuum
high-temperature annealing, etc., resulting in the formation
of oxygen vacancies, which make VO, take on metallic prop-
erties through structural or electron-related effects, in recent
years the research on oxygen vacancies mechanism is relatively
hot.

In 2016, Chen et al.[''?] used EMIM-BF4 ionic liquids for ionic
liquid gating experiments, as shown in the Figure 9b, under the
control of gating voltage, oxygen ions in VO, were captured by
EMIM+, resulting in oxygen vacancies in VO, films. On the one
hand, the occurrence of oxygen vacancies will cause lattice relax-
ation and promote the deformation of VO, monoclinic phase to
rutile phase. On the other hand, the defect and the adjacent V
atom produce a polarized charge, resulting in an increase in the
Fermi energy level, and VO, shows metallic properties. Sharma
et al.l”% found that the chemical potential and conductivity of the
local VO, surface were altered by applying voltage of different
polarities at the tip of scanning probe microscopy (SPM) to ad-
just oxygen stoichiometry, and Y. Sharma’s work highlighted the
importance of oxygen vacancies in VO, MIT. Zhang et al.7*] gen-
erated oxygen vacancies by reacting hydrated hydrogen ions with
oxygen ions in VO, based on modulation by tip bias modulation.
The more oxygen vacancies generated, the higher the temporal
stability of the modulation, which is critical for VO,-based de-
vices.

The application of field-controlled oxygen vacancy mechanism
opens up a new control method for VO, devices, which is of great
significance to the development of ionic electronic devices, mak-
ing nanoscale electrochemical control of optical and electrical de-
vices feasible, and based on oxygen vacancy characteristics, VO,
materials can be used for long-term storage, which has great ap-
plication potential in the field of non-volatile device.

In Table 1, the phase transition mechanism involved in the re-
search of VO,-based devices in recent years is summarized. In
recent years, the application of VO, material field-induced phase
transition involves a diversified mechanism, the most common
of which is the combination of electric field mechanism and Joule
heating mechanism, some studies use electric field to trigger
phase transition, Joule heat to maintain the metal phase, [’ or
use electric field to maintain VO, phase in the hysteresis region,
with Joule heating to induce two-phase transition. [ In addition,
the fusion of hydrogen doping and oxygen vacancies in electro-
chemical mechanisms has also been reported in recent years.!”"]
Studying the VO, trigger mechanism and regulation means can
better understand the VO, phase transition mechanism, which is
of great significance for the future development of VO, applica-
tions and the design of a new generation of optical and electrical
devices.
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Figure 9. a) Structural evolution of VO, (M) with proton doping predicted by DFT calculations. Reproduced with permission.[''?] Copyright 2019,
WILEY-VCH. b) The scheme for the ion liquid gating film devices. Reproduced with permission.['13] Copyright 2016, WILEY-VCH.

4.2.3. E-MIT Modulation Advantages

Controlling VO, phase transition through external electric field is
a classic control method for VO,-based devices, and the obvious
control advantages make E-MIT widely used in the field of elec-
tronic devices. First of all, E-MIT, as an electronically controlled
way to trigger the VO, phase transition, means that VO, materi-
als have application possibilities in the field of electronic devices.
At the same time, E-MIT makes it possible to miniaturize and
integrate VO,-based electrical components.

Second, E-MIT control method is more convenient and practi-
cal. For example, when designing the structure of miniature elec-
tronic devices such as switches, memristors, and filters, it is obvi-
ously not ideal to use external source heating to realize the func-
tion of the device and put it into use, and E-MIT highlights the
strong environmental matching. In addition, based on this, VO,
E-MIT devices consume less energy, which is attractive in optical
and electrical device design and application.

Finally, the most obvious advantage of E-MIT is the phase tran-
sition speed, and in the E-MIT study, the researchers found that
ultrafast E-MIT can be achieved under the control of an external
electric field. In 2013, Zhou et al.l[%! used the VO, MIM voltage
control structure to achieve a device switching time of less than
2 ns, pointing out that VO, phase transition is triggered faster
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by carrier injection than heating, which is consistent with Xiong
et al.®% that Joule heating affects VO, ultrafast phase transition.

In 2014, Rathi et al.l’%] demonstrated the principle of the Poole-
Frenkel effect using a square wave voltage pulse with a duration
of 1 ps, and tested that the switching time of the VO, NB struc-
ture is ~100 ns. Xue et al.B! achieved a fast switching speed of
17 ns by using 1D vanadium dioxide nanochannels constructed
by electric field-induced ion migration in the MIM structure of
V,0..

In 2021, Valle et al.*®l reported in “Science” that the VO, film
they made metallized in a scale of ~1077s, and then expanded at
a slower rate to the final filament structure.

Compared with electric field induction, electronic devices
using thermally induced phase transition mechanism cannot
achieve high device switching speeds, such as some Si-VO, op-
tical modulators with switching times as long as 25us, due to
the use of thermally induced phase transition to slow down the
switching time.!®?] For example, Bayram et al.” designed a VO,-
based near-infrared modulator that directly applies a pulse volt-
age on the VO, layer to trigger the IMT, achieving a near-infrared
modulation speed of sub-milliseconds, but they say that due to
the influence of Joule heating, the response speed of the device
is still limited. The response speed of VO,-based electronic de-
vices or the switching time of related devices is even lower than
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the ns level, which is attractive for the research of ultrafast elec-
tronic devices, so the phase transition time has always been the
research focus of VO,-based electronic devices.

4.3. Optical Modulation

In addition to temperature and external electric field regulation of
VO,, optical regulation is also a common trigger method to con-
trol the phase transition of VO,. In 1971, Roach and Balberg!®’]
made the first attempt to measure the switching speed of opti-
cal induced phase transition in VO,, and successfully induced
the phase transition of VO, sputtering film within 20 ns using
a continuous wave He-Ne laser to detect it. The study of optical
modulation VO, phase transition has been carried out for a long
time, which has opened up a new research field for VO,-based
optical devices.

The research on the phase transition induced by light in VO,
system, the VO, phototriggered phase transition system and
the phase transition mechanism are the focus concerned by re-
searchers. Like the phase transition of VO, induced by external
electric fields, the photo-induced phase transition (P-MIT) of VO,
also has thermal and non-thermal mechanism explanations (elec-
trons, phonons, lattice, etc.). The following will discuss the de-
velopment of VO, P-MIT in recent years from two aspects: VO,
P-MIT test system and mechanism.

4.3.1. Optical Modulation Systems

In studying photo-modulated VO, MIT, the researchers used dif-
ferent trigger lasers and detection lasers to build test systems to
explore the phase transition of VO, induced by lasers. In 2001,
Cavalleri et al.®* studied the femtosecond structural dynamics
of photo-induced VO, ultrafast solid-solid phase transition with
femtosecond X-ray and visible pulse system for the first time,
and realized the optical pump-induced VO, phase transition in
only 100 fs, demonstrating the great potential of photoinduction
in VO,-based ultrafast electronic devices. After that, researchers
mostly used ultrafast lasers as the pump source of the optical trig-
ger system to excite the VO, phase transition, and used the optical
pump with lower energy as the detection light to detect the phase
transition, and in recent years, reports on the VO, photoinduced
phase transition test system have emerged endlessly.

In general, the all-optical test idea of using light to excite the
phase transition and then using light to test the phase transi-
tion properties is a more traditional design concept of the VO,
P-MIT test system. In 2018, the Zhai team of the University of
Science and Technology of Chinal®! performed kinetic terahertz
wave absorption measurement (KITA) on VO, nanofilms excited
by 800 nm laser (as shown in the Figure 10a), quantitatively dis-
tinguished the dynamic response of photothermal excitation on
the second timescale and the photodoping on the ps-ns timescale
from the light-induced MIT, and determined the competing in-
teractions between the two photo responses.

Wang et al.® used a homemade variable temperature Z-
scanning device (as shown in the Figure 10b), in which the ex-
citation laser source is a 380 fs pulsed laser at 1040 nm, and the
beam is focused with a 150 mm focusing lens, and the radius of
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the beam at the focusing is ~#44.2 um. They found that under dif-
ferent frequency laser excitation, the transmittance of samples in
the +Z and -Z directions showed a trend of first sudden decrease
and then slow increase, indicating that the P-MIT in the testis a
typical laser thermal accumulation-induced phase transition pro-
cess.

Different from the test ideas mentioned above, it is also an ef-
ficient test scheme to use light to excite the phase transition and
then test the changes in the electrical properties of VO, struc-
tures.

For example, Wei et al.?® of Beihang University fabricated
a phase change anisotropic magnetoresistance device (PCAMR)
(as shown in Figure 10c), in which VO, samples were made into
Hall rods, and VO, MIT was induced by 660 nm light and mag-
netic fields to study magnetic and transmission characteristics
through magnetoresistive measurements. During the test, they
found that changing the size of the light field or magnetic field
can change the size of the Hall rod resistance, so they thought
that both the light field and the magnetic field could trigger
the VO, phase transition, so that the device has light-controlled
PCAMR characteristics.

In 2022, Li et al.l7?] designed a three-terminal test structure
(as shown in Figure 10d) to measure the drain current change by
using 64 mW cm~? red, green, blue, and ultraviolet pump light to
excite VO, phase transition. The experimental results show that
under ultraviolet light irradiation of 375 nm, the drain current
I has a significant jump, and the study shows that the photo-
induced phase transition of VO, has a greater relationship with
the wavelength of light.

Table 2 summarizes the main parameters of the system built
by researchers in recent years for VO, P-MIT testing. With the
rapid development of femtosecond lasers, the construction of
VO, P-MIT excitation system has also been more perfect, and
femtosecond lasers have basically become the first choice for
studying the pump source of VO, photo-induced phase transition
trigger system. Studying the excitation method and system setup
of VO, P-MIT can explore the triggering characteristics and phys-
ical properties of VO, photo-induced phase transition, which is
of great significance to the application of VO, P-MIT all-optical
devices. In subsequent research, how to adopt a more efficient
pump excitation method has become the key to VO, P-MIT, and
second, how to introduce VO, P-MIT characteristics into the ap-
plication field of optical devices is also a major research topic.

4.3.2. Optical Modulation Mechanisms

Similar to E-MIT, there is no unified mechanism explanation
for the VO, P-MIT trigger mechanism, the mainstream debate
is that the essence of VO, P-MIT is thermal excitation or laser-
induced electron-lattice action to trigger VO, phase transition or
both, for this, researchers have done a lot of works, achieved cer-
tain theoretical analysis results, the following will mainly discuss
the development of VO, P-MIT mechanisms from the two sepa-
rate and synergistic.

Photo-Thermal Effect:  The mainstream explanation of the cur-
rent thermal mechanism of VO, P-MIT is that the laser irra-
diates the surface of the VO, structure, and the energy of the
laser is transferred to the VO, lattice by causing the carrier
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Figure 10. a) The schematic of KITA for photothermal induced VO, MIT. Reproduced with permission.[®%] Copyright 2018, OPTICAL SOC AMER. b)

Schematic of the variable temperature Z-scan setup. Reproduced with permission.[3¢] Copyright 2022, OPTICAL SOC AMER. c) Schematic drawing of

the PCAMR device. Reproduced with permission.!2%2] Copyright 2020, WILEY-VCH. d) Schematic illustration of the neuromorphic transistor stimulated
using 375 nm UV light. The VO, film serves as a channel between the source (S) and drain (D) electrodes, and ionic liquid is used as a gating medium.
Reproduced with permission.”2] Copyright 2022, Springer Nature.

Table 2. Phase transition mechanisms of photoexcited VO, and parameters of excitation system.

Date Wavelength Repetition Pulse Mechanisms Energy density Reference.
frequency width
2018 800 nm 500 Hz 130 fs Joule heating 15 m) cm™2 87]
2018 800 nm 1kHz 40 fs Photothermal Effect and 9m)cm2 [85]
Photodoping

2020 400 nm 1kHz 150 fs Lattice Strain 22y cm~? [88]

2020 1028 nm 5 kHz 170 fs Tensile Strain 0.7 m) cm™2 [89]

2020 660 nm N/A N/A Interfacial Strain 0.5 W cm2 [29a]
Coupling

2021 1023+8 nm N/A 280 fs Heterogeneous 2m)cm™ [90]
Nucleation

2022 375 nm N/A N/A Oxygen vacancies 64 mW cm~2 [7a]

2022 1040 nm 100 kHz 380 fs Accumulation of Thermal 0.04 m) cm—2 [86]

Effects
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concentration to change, resulting in an increase in the temper-
ature of the energy absorption region, which in turn triggers the
VO, phase transition.

Lin et al.®!l selected a 308 nm excimer laser to irradiate VO,
samples at different energy, and found that under a certain de-
gree of irradiation, the morphology and optical properties of
VO, film changed significantly, which proved that the phase
transition of VO, induced by laser was caused by thermal ef-
fects. Scherbakov et al.[??] filled the opal with VO,, and used the
YAG:Nd laser second harmonic pulse at room temperature to
excite VO, to generate free carriers, and after relaxation heat-
ing, VO, underwent a phase transition, resulting in spectral blue
shift.

In 2022, Wang et al.l® studied fs laser-induced changes in
optical properties of VO, films with variable temperature Z-
scanning. Through the 100 kHz temperature change experiment,
it is found that the modulation depth of the laser-induced VO,
phase transition is consistent with the modulation depth of the
ambient temperature-induced phase transition, and increases
linearly with the thickness, which further confirms that the phase
transition is caused by the accumulation of high repetition fre-
quency laser thermal effects.

The photothermal effect is the most intuitive theoretical expla-
nation of VO, P-MIT, which is a fundamental thermally triggered
phase transition, which is of great significance in the theoretical
study of phase transition of VO, materials. However, because of
the existence of thermal effects, the energy consumption is high
and the control accuracy is poor, which limits its application in
optical/electrical devices.

Electron Effect and Lattice Strain: In addition to the traditional
photo-thermal effect to induce VO, phase transition, scientists
have found in long-term experiments that VO, phase transition
can be achieved by non-thermal laser-induced electron-lattice ac-
tion, breaking through the original limitation that VO, phase
transition are triggered by heating. The so-called photoelectron-
lattice effect refers to the phase transition of VO, materials by
releasing electrons to occupy the electron orbital or cause lattice
space change under laser induction.

In 2004, Liu and others at the University of Puerto Ricol**!
first reported the maximum polarizability observed in VO, films
and the lattice dynamics process related to excited states, in
which the research process used the degenerate four-wave hybrid
(DFWM) measurement method for transient holographic imag-
ing, found the polarizability change caused by lattice change, and
pointed out that the transient lattice distortion triggered struc-
tural changes, affirming the explanation of the non-thermal lat-
tice mechanism of VO, P-MIT.

Mogunov et al.®% reported that the epitaxial layer of vanadium
dioxide generated picosecond strain pulses under femtosecond
photo-excitation, and found that photo-induced first-order phase
transition (PIPT) contributes up to 45% to the ultrafast expansion
of VO, materials, much higher than the contribution of thermo-
elasticity to material expansion, so a non-thermal mechanism
for generating picosecond strain pulses by ultrafast light-induced
first-order phase transition (PIPT) is proposed.

In 2022, Li et al.l”?l reported a photo-induced non-volatile
VO, phase transition neuromorphic ultraviolet sensor, discov-
ered the generation of photo-induced oxygen vacancies, and elab-
orated this P-MIT oxygen vacancy mechanism: the photon energy
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(3.35 eV) of 375 nm ultraviolet excitation light is greater than the
activation energy of generating oxygen vacancies (3-3.5 eV), so
oxygen can be released from VO, films in a hypoxic environment,
thereby generating oxygen vacancies in the crystal lattice. As oxy-
gen vacancies appear, V atoms lose some electrons and release
them into the neighboring V-3d state, which partially occupy the
d;, orbital and z* orbital, resulting in an electron phase transi-
tion. In addition, the difference in the radius of V ions caused by
oxygen vacancies in the lattice and electron release also leads to
the strain of VO,, which changed from a low-symmetric mono-
clinic phase to a highly symmetric rutile phase and further in-
duced a metallic phase.

In recent years, non-thermo-photogenic phase transition of
VO, system has become the focus of VO, P-MIT research, and
compared with the phase transition caused by photo-thermal, the
former has obvious application advantages in device response
speed and control accuracy, which is particularly important in
the development of all-optical devices. In addition, the study of
VO, non-thermo-photo-induced phase transition plays a signif-
icant role in exploring the deep mechanism of material phase
transition and the strong correlation between VO, electrons and
electrons, which is exceedingly beneficial to the study of VO, con-
densed matter physics.

Cooperative interaction: As VO, P-MIT research advances,
the researchers found that the mechanism of VO, photo-
induced phase transition may not be single, but a synergis-
tic effect of thermal and non-thermal mechanisms. In 2006,
Liu’s team®" observed the photo-induced ultrafast nonlinear
optical response in the optical measurement of VO, films,
found that there was a slow change process after the tran-
sient response, and proposed for the first time that the exciton-
controlled VO, phase transition model included ultrafast tunnel-
ing and thermal induction after exciton recombination in VO,
system.

Zhai et al.l®] used femtosecond laser-driven kinetic tera-
hertz wave absorption to quantitatively separate the slow photo-
thermal response and the ultrafast photo-doping response on
the time scale from seconds to picoseconds, and found that
they competed with each other: the amplitude of the photo-
doping response was enhanced at low photo-thermal accu-
mulation, while the amplitude of the photo-doping response
was suppressed when the high photo-thermal accumulation
reached 60%. In addition, it is found that the photo-induced
heating accumulation in the film significantly reduces the
pump threshold of photodoping-induced phase transition, and
the experimental results of Zhai et al. have a guiding effect
on the studies of VO, photothermal and non-photothermal
triggering.

In fact, whether it is thermal trigger or non-thermal trigger,
the trigger mechanism is fundamentally photo-excited electrons,
so the study of VO, photo-induced phase transition process can
more clearly demonstrate the microscopic process of its phase
transition. In the future, the research of collaborative triggering
mechanism is still the focus of VO, photo-induced phase tran-
sition research, only by clearly understanding the deep trigger
mechanism of VO, photo-induced phase transition can we bet-
ter avoid the influence of adverse factors in the design of related
optical devices, especially all-optical devices, and maximize the
performance of the device.
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4.3.3. P-MIT Modulation Advantages

VO, P-MIT, as a special material phase transition modulation
method, has been attracting much attention in the field of op-
tics. The biggest difference between optical triggering and other
triggering methods is that optical triggering chooses to trigger
VO, phase transition in light-controlled mode, which is intensely
attractive in new optical devices, which is also the first prerequi-
site for application in all-optical devices. In addition, the relevant
studies of VO, photo-induced phase transition show that VO, ul-
trafast phase transition can be easily achieved by using ultrafast
lasers, which has obvious response speed advantages over gen-
eral E-MIT.

According to the light control system designed in recent years
summarized in Table 2, it can be seen that how to reduce the en-
ergy density of the excitation pump source and reduce the design
difficulty of the photo-triggered system is the focus of future re-
search on the application of VO, photo-induced phase transition.
Although the phase transition of VO, under photo-excitation is
fast and can be completed in sub-picoseconds, its recovery time is
relatively long. Zhang et al.l®®] found that the long recovery time
of VO, phase transition under photo-excitation is caused by the
heat dissipation and relaxation of photo-carriers.

In the future, a new generation of optical devices will gradu-
ally develop toward refinement and miniaturization, and the re-
quirements for control conditions will be more demanding. With
the development of optical communication and optical trans-
mission components in recent years, optical control is expected
to become a more efficient alternative to optical and electrical
control after electronic control, especially in the field of inte-
grated optical path systems and chip manufacturing. VO, ma-
terials with excellent all-optical properties have naturally become
popular research materials for the next generation of all-optical
devices.

4.4. Strain Engineering Modulation

As we all know, VO, phase transition is closely related to its lat-
tice configuration change, so some scientists have tried to pro-
mote the lattice change through stress engineering to achieve
the purpose of triggering phase transition or reducing T.. At
present, there are two modulation methods for VO, phase tran-
sition in strain engineering, one is the interfacial strain modula-
tion caused by the internal lattice mismatch, and the other is the
external macrostrain modulation due to applied mechanical de-
formation (bending, stretching, compression, twisting, etc.).l%!
This chapter mainly describes and summarizes the current re-
search status of VO, strain engineering from the stain engineer-
ing methods and mechanisms of VO, phase transition modula-
tion.

4.4.1. Strain Engineering Modulation Methods

Interfacial Strain:  Film structure is the most common appli-
cation form of VO,, based on the principle of interfacial strain
caused by lattice mismatch of materials at the contact surface
of VO, film and other materials, some examines can adjust the
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phase transition temperature of VO, film and the optical and
electrical properties before and after phase change by selecting
different film substrates or surface contact materials or adjust-
ing VO, film thickness. The following is a brief timeline to briefly
describe the interfacial strain studies on VO, film structure in re-
cent years.

In 2018, Ren et al.l’l performed “film increase” and “film re-
duction” operations on VO, films deposited on TiO, substrates
through “bottom-up” epitaxial growth and “top-down” chemical
etching, and based on the interfacial strain effect at the VO, /TiO,
interface, the opposite T-film thickness change phenomenon
was discovered, and a new interfacial strain modulation scheme
based on film thickness was realized.

Afterwards, Sang et al.'®d] prepared a series of high-quality
VO, /AL O; films by magnetron sputtering, as shown in the
Figure 11a, the interface height mismatch between the VO, film
and the Al,O; substrate led to the interfacial strain of the VO,
film, and through experiments, it was found that the phase tran-
sition temperature of the VO, film was significantly lower than
68 °C.

In 2022, Azad et al. in the United States!*"! studied the interfa-
cial strain of VO, deposited on six substrates: c-plane, Sapphire,
SiO, /Si, AT-Cut Quartz, GaN/AlGaN/GaN/Si and Muscovite, and
found that there were differences in the transition temperature of
VO, electrical properties, the transition temperature of 1500 nm
optical transmission and XRD spectrum on different substrates,
which indicated that different lattice constants have different in-
terfacial strains. The conclusion of Azad et al. further points out
that substrate selection has great modulation potential for inter-
facial strain.

The manipulation of interfacial strain Ty, caused by lattice
mismatch between VO, film and buffer layer or substrate pro-
vides a concise solution. A variety of interfacial strain effects can
be achieved by simply controlling the thickness of VO, film or
using different substrates during the experiment, avoiding film
damage and device fatigue effects caused by external mechanical
action. However, the device is not adjustable after molding, so the
related devices designed by using interface strain require differ-
ent experimental schemes to find the ideal strain effect, which
limits its development in the field of continuous tuning devices.
Moreover, the substrates generally used for interface strain does
not have the characteristics of external force deformation, which
hinders its development in flexible electronic devices.

External Mechanical Deformation: In addition to using inter-
facial strain to change the phase transition characteristics of VO,,
the use of external mechanical effects to deform VO, film is also
a promising VO, strain engineering adjustment scheme. Exter-
nal mechanical deformation make the VO, film undergo macro-
scopic visible bending, through this external force bending to
stretch or compress the VO, lattice structure, and then achieve
the purpose of changing the VO, phase transition temperature
and physical properties before and after phase transition.

For example, Tian et al.l*! of Fudan University designed the
structure as shown in the Figure 11b, rolling VO, nanomem-
branes upwards into VO, microtubes with a controllable diam-
eter range, generating significant compressive strain and accom-
modating them, thereby reducing the phase transition temper-
ature and phase transition threshold voltage of VO, materials,
which provides ideas for the study of VO, actuators device.
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Figure 11. a) The growth schematic for VO, /Al,O5 interface. Reproduced with permission.[®®] Copyright 2019, Institute of Physics. b) Schematic of the
fabrication of the Cr/VO, bimorph structure by selective etching of the SiO, sacrificial layer. Reproduced with permission.[%®l Copyright 2018, American
Chemical Society. c) External mechanical effect is applied to VO, film on fluorophlogopite (001). Reproduced with permission.[°¢] Copyright 2022,

WILEY-VCH.

In 2022, Wang et al.l®® studied the external strain engineer-
ing dynamic phase transition modulation of quasi-van der Waals
VO, film on fluorophlogopite, as shown in the Figure 1lc, in
which the quasi-van der Waals epitaxy on thin fluorophlogopite
can minimize the clamping effect of the substrate, obtain a film
without interfacial strain, and facilitate mechanical deformation.
Through the experiments on the electrical response of VO, film
at room temperature, it is found that the resistance of the film
gradually increases with the increase of external tensile strain and
decreases with the increase of compressive strain, and finally it is
concluded that the external stress changes the lattice of epitaxial
VO,, and changes its electronic structure and band gap.

The Table 3 summarizes the relevant works of external me-
chanical deformation in recent years. The lattice distortion is in-
troduced by external mechanical change to realize the phase tran-
sition modulation of VO, from the macro to the microscopic per-
spective, which provides a macroscopic control scheme for VO,
materials. Obviously, this adjustment method has a strong con-

tinuous tuning ability, which has certain application prospects in
filtering devices. In addition, the bendable adjustment method
also creates the possibility of the application of flexible devices of
VO, materials. However, the introduction of external mechani-
cal deformation can easily cause VO, structural damage, and the
mechanical fatigue of the substrate is also a problem that cannot
be ignored.

4.4.2. Strain Engineering Modulation Mechanisms

The strain engineering modulation mechanisms is closely re-
lated to the modulation methods used. The principle involved in
adjusting the VO, phase transition using interfacial strain is lat-
tice mismatch, as shown in the Figure 11. The mismatch between
the lattice structures changes the parameters of the VO, crystal
structure at the interface, which is manifested microscopically
as a change in the length of the crystal axis, and therefore VO,

Table 3. Study of the methods of strain engineering and the effect of modulation of the VO, phase transition temperature.

Date Strain method Starin Parameter Substrate Film thickness Tc Ref.
2018 Interfacial strain N/A TiO, (001) 20 nm 320.15K [97]
2018 External mechanical -0.5% SiO, 28 nm 329K [99]
deformation
2019 Interfacial strain N/A c—Al,O4 8-62nm N/A [98]
2020 Interfacial strain N/A TiO, (001) 8/16/32 nm N/A [100]
2020 Interfacial strain N/A TiO,(001) 60 nm ~315 K [107]
2021 External mechanical —0.4% - 0.4% Muscovite 100 nm 71K/ [102]
deformation
1% strain
2021 Interfacial strain N/A Al,05(007) ~27 nm 335.15 K- [18d]
~69 nm 329.15 K
2022 External mechanical —0.125% - 0.1% Fluorophlogopite 93.3 nm 335.75 K- [96]
deformation
347.83 K
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phase transition properties are changed. Some researchers have
reported the interfacial strain effect caused by lattice distortion
from different angles.

In 2019, Sang et al.l'®!] found that on the c-Al, O, substrate, the
VO, film thickness decreases, the compressive strain along the
b-axis of the VO, lattice structure increases, and the farther away
from the sapphire substrate, the greater the interfacial relaxation
and the greater the lattice mismatch.

In 2020, The D’Elia’s team!!%] reported the strain-induced or-
bital dynamics of metal insulator transition in VO, /TiO,(001)
films, and they point out that in the early stages of epitaxial
growth, tensile strain occurs in VO, films to match the substrate
lattice, resulting in an increase in both ay and by, resulting in elas-
tic compression of cr. With the increase of VO, film thickness,
the distortion caused by the substrate lattice gradually weakens,
and the lattice constants relaxes to the bulk VO, values. A. D’Elia
also explained the effects of film thickness and substrate on VO,
lattice changes, which has a guiding value on the study of VO,
interfacial strain.

For external mechanical deformation, the corresponding VO,
lattice distortion can also be achieved through the external
macrostrain modulation of external mechanical deformation, but
unlike lattice mismatch, the macrostrain modulation is reflected
in the macroscopic, and the effect of controlling lattice distor-
tion is more obvious and the control accuracy is higher. The
aforementioned Tian et al.®”! and Wang et al.l®®! achieved lat-
tice macrostrain through a series of external mechanical defor-
mations, which in turn changed the phase transition characteris-
tics of VO,. In addition, in strain engineering research, the mea-
surement criteria of lattice distortion involved in large strain and
lattice mismatch is often different.

For the VO, phase transition induced by strain engineering, in
addition to the basic strain mechanism explanation at the lattice
distortion level, the explanation of electron orbitals and energy
bands based on crystal field theory has also tended to be unified
in recent years.!184:9697.10L102] Among them, Sang et al.'*dl gave a
more detailed explanation:

When the lattice strain (ey,,) decreases, the length of ay and
tip V-O bonds increases, ¢, cp/ag and €, = ¢, decrease, while
the equatorial V—O bond length almost remains at the same. Ac-
cording to crystal-field theory, as the apical V—O bond length in-
creases, the p-d overlap (O 2p and V 3d orbitals) decrease, which
will decrease the energy level of z* orbitals relative to those of
d,, orbitals. Thereafter, this relative energy transfer will result in
an increase in the occupancy of z* orbitals, while the occupancy
of d;, orbitals will reduce. The energy of the z* valence elec-
tronic states is lowered, thus a portion of itinerant electrons are
transferred from d, orbitals to the z* orbitals, reducing electron-
electron interaction and stabilizing the metallic state, thereby
triggering a lower T..

In addition, the change in the occupancy rate of d;, and z*
orbits can also be expressed as the movement of the corre-
sponding energy band, taking the above process as an exam-
ple, the reduction of the ¢, axis length will lead to energy d,,
band moves upward, and the energy z* band moves down-
ward, which changes the relative position of the Fermi energy
level and varies the band gap size, which in turn leads to the
occurrence of a low phase transition temperature of VO, ma-
terial. In short, the purpose of strain engineering is to use
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strain to change the band gap or electronic properties of the
materials, and then change the phase transition characteristics
of VO,.

4.5. Magnetic Field Modulation

After studying the classical thermal, electrical, optical, and strain
modulation, some researchers began to turn their attention to
magnetic field, and through research findings, magnetic fields
can also modulate VO, phase transition. In 2017, Singh et al.[%]
of the Indian Institute of Technology Mand first studied the ef-
fects of magnetic field on VO, resistivity across MIT, as shown in
the Figure 12a, when a 1/3/5T magnetic field is applied, a de-
crease in resistance is observed but no change in T, and the
temperature coefficient shifts from negative to positive when a
magnetic field is applied, which is finally believed to be related to
delocalization of electrons.

In 2020, Matsuda et al.l?! of the University of Tokyo success-
fully induced the metallization of VO, films doped with W under
a 500T ultra-high magnetic field, and found that the transmitted
light intensity was significantly reduced in the ultra-high mag-
netic field region, which was believed to be due to the spin Zee-
man effect on the d electrons of V ions dissociating the dimers
in the insulating phase, resulting in delocalization of electrons
(as shown in the Figure 12b). Magnetic field-induced metalliza-
tion suggests that dimerization is a more important driver of MI
transition in VO, than electron correlation.

In 2022, Zhang et al.’* demonstrated a VO, based micro-
pillar array coated with chromium or Au/SiO, layer, as shown
in the Figure 12c—f, the input voltage to the solenoid generates
an magnetic field H, HL component causes in-plane eddy cur-
rent, and the Joule heating generated by the flowing eddy current
rapidly raises the temperature of the VO, layer above T, result-
ing in MIT in the VO, layer, realizing a new pathway of VO, phase
modulation. In addition, this remote control of the electromag-
netic field enables the directional transport of SiO, particles in
liquid media by the a VPA operating surface. This study proposes
a manufacturing method for functional electromagnetic field re-
mote control device based on VO,, which provides a new idea
for the design of electromagnetic field response structure, which
is of great significance for the research and application of mag-
netron VO, phase transition.

Finally, in some reports, some characters choose magnetic in-
terface materials, based on the principle of magnetoelastic cou-
pling, and design VO, composite structures that can be con-
trolled by magnetic field. For example, Wei et al.[?%] designed
a PCAMR device, as shown in the Figure 10c, using the het-
erostructure of the combination of strongly correlated electronic
material VO, and spintronic material NiFe, under different opti-
cal power irradiation, the magnetoresistive characteristics of the
device change, based on this, they used the co-control of light
and magnetic field to control the six different resistance states
realized in the PCAMR device to design a circuit link that meets
the logic application. Although the influence of magnetic field on
VO, phase transition is not involved, such research provides a
new direction for the control means of VO,-based devices, which
is of great significance to the development of VO, magnetron de-
vices.
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Figure 12. a) Metal to insulator transition as depicted by change in resistance during heating at different applied magnetic fields. Reproduced with
permission.[%] Copyright 2017, Elsevier B.V. b) The left side shows that the potential barrier A is lowered because of the Zeeman energy. The middle part
schematically shows the collapse of the V-V dimers. The right part shows that applying a magnetic field induces the dissociation of the dimer owing to
the destabilization of formation of the bonding state ¥ of the molecular orbital, where @a and @b are the wave functions of the independent vanadium
ions. Reproduced with permission.[®] Copyright 2020, Springer Nature. c) A glass beaker containing VPA specimens (« or a+) and media (air or water)
is put inside a solenoid. By inputting UC, a high-frequency AC current is generated with an AC inverter, and H with 50 kHz is created along central axis
of the solenoid; d) Two components of primary magnetic field H, H// and H.L; e) The resulting two eddy current loops (yellow loop), one is out of plane
and the other is in-plane; f) A detailed description of electromagnetic field responsive VPA under H.L. High-frequency primary magnetic field HL (red
loop) generates in-plane eddy current (yellow loop) across the metal layers of @ and a+ and this eddy current then induces a secondary magnetic field

(green loop) opposite to the primary HL. Reproduced with permission.['%] Copyright 2022, WILEY-VCH.

In summary, magnetic field control provides a new way to
change the electron state through Zeeman splitting, achieving
a significant quantum-mechanical electron correlation at low
temperatures.[®®) In addition, electromagnetic fields can easily
and harmlessly penetrate most biological materials and liquid
media without absorbing energy, which has important applica-
tion value in the medical field. Moreover, compared with the
light field modulation in the environment, the magnetic field
modulation is more stable.l1%! At present, there are few re-
ports on magnetic field modulation of VO, phase transition,
and in-depth research is still needed, and magnetron is ex-
pected to become an excellent control method for VO, devices
in the future, accelerating the development of VO, in spintronic
devices.
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5. Elemental Doping Optimizes The Performance
of VO,-Based Devices

Although VO, is a strongly correlated material with great poten-
tial for application, the development of VO, film in optical and
electrical devices has been restricted by several drawbacks in per-
formance, including high phase transition temperature (T), low
luminous transmittance (T),,,), insufficient solar energy mod-
ulation ability (AT,,) and unpopular color.[**] However, the re-
searchers found that other elements can be introduced into the
VO, system by doping, and the composite material is modified
relative to the original pure VO, material through physical or
chemical processes, retaining the original phase transition char-
acteristics, and the phase transition temperature and physical
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properties change before and after the phase transition. The fol-
lowing will mainly discuss the methods and modification princi-
ple of elemental doping in VO, and the modified results reported
in recent years.

5.1. Elemental Doping Methods

Efficient doping methods help to improve the performance of
doped materials or films, and a variety of physical or chem-
ical VO, doping methods have been reported, such as high-
temperature melting, hydrothermal, sol-gel, chemical vapor
deposition, magnetron sputtering, electron-beam evaporation,
pulsed laser deposition, ion implantation, atomic layer deposi-
tion, etc. The following briefly introduces the content of each dop-
ing method and analyzes its advantages and disadvantages.

Most of the early doping method was high-temperature melt-
ing, in which oxides containing doped elements and VO, were
subjected to high-temperature solid phase reaction under vac-
uum or inert gas to generate products similar to V, M, O,
(M is doped ions) to complete ion doping.'®! This method
is simple and more convenient for preparing large-bulk doped
and multi-element co-doped materials with flexible proportions.
In addition, because the doped oxides are not completely dif-
fused into the VO, lattice, the grain boundaries are strength-
ened and the mechanical strength of the synthetic materials
is improved.[1%] However, the high energy consumption of the
melting process increases the cost, and the process takes several
days to complete, which reduces the efficiency and convenience
of production.[19.17]

Compared with high-temperature melting, hydrothermal and
sol-gel methods add dopants to the precursor, which can syn-
thesize impurity ion-doped VO, at a lower temperature with
low cost.'%®! In addition, the hydrothermal method has sta-
ble operation and high crystallinity of the product, which is
suitable for large-scale production of doped materials. This
method may generate metastable monoclinic polymorph VO, (B)
or oxygen-deficient VO,, which can be converted to M1 phase
after annealing.'®! However, post-annealing tends to lead to
nanoparticle aggregation, and one-step hydrothermal method
can improve the dispersion of the product.''] For example,
Wanxia Huang et al.l''%] used tartaric acid as a reductant to pro-
duce high-purity VO, (A) under hydrothermal conditions, due to
VO,(A) had a better VO,(M) conversion rate than VO,(B),!!!]
the final W-doped VO, yield increased. Unlike the hydrothermal
method, the sol-gel method, in which the precursor is a gel that
is dried to obtain the product, is a more complex process. The
material prepared by this method has high purity and good uni-
formity, and due to the good film-forming property of the gel, the
precursor can be used to directly make the film, and the element-
doped VO, film can be made by drying.''?! In addition, the sol-
gel method does not require vacuum to ensure the quality of film
formation, and the reaction process is easier to control, which
has become a common method for the preparation of doped-VO,
films.[113]

As a traditional doping method, ion implantation implants
high-energy doped ion into the film/material, and the selection
of doping material is not limited by diffusion kinetics and solid
solubility in the film, which has great application potential in

Adv. Electron. Mater. 2024, 10, 2300699 2300699 (22 of 40)

www.advelectronicmat.de

VO, membrane elemental doping. In 1977, German scientist
Ufert!"'* prepared highly doped VO, films at very low substrate
temperatures, overcoming the shortcoming of high temperature
for doping. Ion implantation has therefore become an important
method of elemental doping at room temperature. However, the
impinging ions deposit energy along the path of the host mate-
rial through nuclear and electron collisions, resulting in damage
such as defect generation, amorphization, recrystallization, ran-
domization, and surface morphology changes, which affect the
thermochromic properties of the film/material.l'>]

The development of thin film deposition technology provides
a new way for the doping of elements in VO, films. Chemical va-
por deposition uses the chemical reaction of gas precursors to de-
posit solid films on the surface of the substrate, among which at-
mospheric pressure chemical vapor deposition (APCVD) is more
widely used in doped-VO, films.[''®] Compared with other film
deposition techniques, APCVD has the advantages of conformal
coverage, high growth rate and no low pressure requirement.
However, compared with the solution preparation, APCVD has
strong selectivity for precursors, and some precursors are easy to
be blocked in the mixing chamber and reactor inlet during equip-
ment operation, reducing the doping efficiency. Since the precur-
sor before deposition is the gas phase, the toxicity and contami-
nation of the gas and the residue of impurities are also issues to
consider.111%]

In contrast, physical vapor deposition (PVD) through physical
processes to make membranes has lower impacts on the environ-
ment. There are many types of PVD technologies, such as mag-
netron sputtering, in which high-energy particles are used to hit
the target material, so that solid atoms are ejected from the sur-
face and deposited onto the surface of the substrate to form the
film. However, since the sputtering target is metal, doped-VO,
films cannot be prepared directly, so reactive magnetron sputter-
ing is considered for the synthesis of V,; M, O, films. This tech-
nology can improve film density, etching rate, adhesion, control
smooth surface morphology and control crystal size, and improve
the performance of doped films.[*'”] However, the sputtering rate
of the magnetron target varies with its lifetime, so in order to
obtain a stoichiometric doped film, precise control of the par-
tial pressure of oxygen is required.[''® Unlike magnetron sput-
tering, electron beam evaporation uses an electron beam to heat
the evaporated material in a vacuum state, and can directly form a
deposited film on the substrate without the participation of reac-
tive gases. In 2017, Shao-En Chen et al.[!%! successfully prepared
W-doped VO, films for the first time using a single target source
(treated WO, /VO, mixed powder) and post-annealing. In addi-
tion, the deposition rate of this process is high and the appear-
ance of other oxidation states of V is largely avoided.l'*"] How-
ever, the high cost of the equipment hindered its further devel-
opment. Similar to electron beam evaporation, pulsed laser de-
position (PLD) uses a high-power pulsed laser beam to evapo-
rate the target material and deposit it on the substrate, and the
laser energy used for evaporation is high, which can be used to
sputter various refractory materials. For example, Chen et al.l'?!]
successfully deposited Al**-doped VO, films by using PLD to
ablate V,0,/Al,O, composite targets. In addition, for some tar-
gets, reaction gas can also be introduced in the PLD process
for reactive pulsed laser deposition (RPLD). For example, Wang
etal.??l used Hf-doped V targets to deposit Hf-doped VO, films in

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

95UB017 SUOLLLIOD) SIS0 8|l dde au Aq pouenob 812 saole YO ‘88N J0 S9N o} ARG 8UIIUQ AB]IAA UO (SUONIPUOD-PUE-SLUISYW0D" A | IMAle.q1BUI|UO//:SANLY) SUONIPUOD Pue S | 8U) 89S *[7202/70/82] UO ARIqTauliuO A81IM ' ADOTONHOTL 40 A LISHIAINN NYHNM Ad 66900202 W Be/Z00T 0T/10p/W0d A8 1M ALeiq 1 jpul|uo//:sdny woj pepeojumoq ‘v ‘%20z ‘X09T66TZ



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

Open Acces:

J

www.advancedsciencenews.com

ambient O, gas. Hajlaoui et al.'??] deposited boron-doped VO,
films in oxygen flow with chimeric vanadium/boron targets. It
can be seen that the target material of PLD is more flexible in se-
lection and faster deposition. However, the substrate temperature
has influence on the deposition of thin films, and the equipment
is expensive, which is not suitable for low-cost production.

Finally, Atomic layer deposition (ALD) is also commonly used
in the elemental doping of VO, films. Different from the CVD
that continuously introduces the gas-phase precursor, ALD is a
advanced film deposition technology by alternately pulsing the
gas-phase precursors into the reaction chamber, and based on
the self-limiting growth mechanism, the gas-solid phase chemi-
cal adsorption reaction occurs on the surface of the substrate for
atomic-level film growth. The nanolaminates at the nanometer
thickness scale obtained by deposition are initially in a nonequi-
librium state with large interface energy, which is thermodynam-
ically conducive to interlayer diffusion. By annealing, ALD can
achieve doped films with continuously adjustable solubility, good
homogeneity and high conformality.['*] In 2018, Lv et al.[12%2] first
used ALD to realize VO,-doped films, and they used V(NMe,),
and Mo(CO), as precursors of V and Mo, deposited alternating
VO, /Mo0O, nanolayer films through the ALD process, and af-
ter annealing, the alternating layers were penetrated and mixed,
and they successfully got the V, M, O, films with excellent ther-
mochromic properties. Later, Shin et al.'?*!) used VTOP and
TMA as precursors of V and Al, and obtained Al-doped VO films
by ALD process and annealing. It can be seen that ALD can easily
mix precursors without melting ingots. However, due to the ALD
mechanism, the deposition rate is slow. In short, different dop-
ing methods have their own advantages and disadvantages, and
the optimization of elemental doping technology for VO, films
still needs to be explored.

5.2. Modulation of The Phase Transition Temperature T

VO, has been found to have an insulation-metal phase transition
around T = 340K, but in different application environments, the
phase transition temperature (T) required for VO, in VO,-based
devices is different, so the modulation of phase change tempera-
ture has become the focus of research on VO, materials and their
devices.

The earliest, W. Riidorff et al.[1%2] tested the molar magnetic
susceptibility temperature dependence curves of mixed crystals
with different VO, contents and found that there was a differ-
ence in the transition temperature T, indicating that elemental
doping had the potential to change T of VO,. In 1969, J. B. Mac-
Chesney and H. J. Guggenheim!['?*l studied the characteristics of
VO, single crystals containing different impurity ions and found
that the transition temperature T changed significantly under
high levels of doping, and the direction of change in T was re-
lated to the relative size of the impurity ions, and T was not af-
fected by carrier concentration. In the same year, M. Israelsson
of Stockholm University and others studied the relationship be-
tween the V, W, O, crystal structure and x, and found that the
transition temperature T decreased linearly with the increase of
x1%11n 1971, J. B. Goodenough!'®") summarized the mathemati-
cal relationship between the doping ratio of various impurity ions
and Tc variation by studying the influence of elemental doping on

Adv. Electron. Mater. 2024, 10, 2300699 2300699 (23 of 40)

www.advelectronicmat.de

the structural changes of VO, three-phase crystals, further pro-
moting the development of elemental doping in VO,. After that,
Western scientists did a lot of work on the elemental doping in
the VO, system, gradually improved the doping system of VO,,
and revealed the doping mechanisms.

The mechanism of elemental doping changing the phase tran-
sition temperature (T.) of VO, has been developed for many
years, and the current dominant explanations mainly combine
microscopic lattice and carrier changes with energy level theory:
i) Ions are introduced into the VO, lattice, and lattice distortion
is caused by the mismatch of ion diameter length (Figure 13a),
which affects electron correlation and orbital occupancy, and
changes the original band distribution, thereby affecting T¢;
(ii) Injecting carriers (electrons or holes) into the VO, system
through the valence electron difference between elements, gen-
erating V3* ions (Figure 13e), breaking V**-V** dimmer, or the
addition of free electrons can not only enhance coulomb shield-
ing and inhibit the splitting of d ; orbital, but also raise the Fermi
level (Figure 13f), thereby stabilizing the metallic phase; (iii) Co-
operative interaction. In recent years, with the deepening of the
study of elemental doping, in the process of elemental doping
to change T, especially multi-element co-doping, scientists have
found that lattice distortion and carrier injection work together
to change the magnitude of the phase transition temperature
(TC).[343,126]

In 2019, Chen et al.l'®] used first-principles calculations to
study the mechanism of rare-earth (RE) elemental doping affect-
ing Tc. Experiments show that due to the long ion radius of RE,
its incorporation causes local distortion of the original VO, sys-
tem, and based on the research of Xie et al. ,!?’] the researchers
believe that this distortion affects the band gap and thus drives
the occurrence of VO, MIT. In addition, based on the difference
in electronegativity between rare earth ions and V atoms, Chen
et al.[’®] finally suggested that the reduction of T may be related
to the counteraction of electron/hole carriers and the competition
between the strain and the hole carriers.

In 2021, Wang et al.l®?] tried to incorporate Hf and Mg ions
in the VO, system, and found the presence of low-valent V ions
and architectural changes in the VO, system through the XRD
spectrum and XPS spectrum after elemental doping, indicating
that Hf-W co-doping caused electron injection and lattice distor-
tion, the former reducing the number of V#—V** bonds in stable
low-temperature monoclinic states, and the latter weakening V-
V dimerization and enhancing lattice strain, both contributing to
the reduction of T¢..

In 2022, Yang et al.?* studied the cooperative effect of La-
Mo co-doping in the VO, system, first of all, Mo dopants can
achieve the same electron injection ability as W, electron dop-
ing leads to the formation of V**, breaks the dimerization of
V#.V* in the insulating state, stabilizes the metal state, and re-
duces T¢; Second, the incorporation of large radius La ions will
cause large compressive stress on the c axis of the VO, tetrag-
onal structure, which also contributes to the reduction of T
(Figure 13g).

Studying the mechanisms of VO, phase transition temper-
ature change caused by elemental doping is conducive to ex-
ploring the optimal modification strategies of VO, material
and promoting the practical application of VO, in the future.
This is macroscopically manifested in the exploration of doping
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Figure 13. The calculated super-cell structures of a) pure M1-VO, (V3,04,), b) Hf-doped M1-VO, (Hf;V,30¢,), and c) H-W co-doped M1-VO,
(HfyW;V570¢4). Reproduced with permission.[32] Copyright 2021, American Institute of Physics. d) Band structure of VO, (M) for different Zr dop-
ing concentrations: no doping; 2.08% doping; 4.17% doping (from left to right). Reproduced with permission.l128] Copyright 2022, American Chemical
Society. e) XPS survey spectrum of the effect of high valence ion doping on formation of V3* ions: 1at.%, 1.5 at.% and 2 at.% W doped VO, annealed
at 470 °C. Reproduced with permission.[125<] Copyright 2017, Springer Nature. f) electronic phase transition toward a metallic phase via hydrogen do-
nation of electron carriers that fill the energy band gap. Reproduced with permission.l'?] Copyright 2022, American Chemical Society. g) Schematic of
the orbital change of the La-Mo co-doped VO, films. Reproduced with permission.[342] Copyright 2022, Elsevier B.V.

elemental types, doping concentrations and co-doping ratios, and
Table 4 lists the research progress of VO, elemental doping modi-
fication (T.), from which it can be seen that elemental types have
the greatest impact on VO, modification. Different kinds of el-
ements cause different modification effects, which are related
to the atomic structure and charge properties of the elements
themselves. For example, among many dopants, W is the most
effective element to reduce T, of VO,.3*13% In previous works,
the lowest phase transition temperature T achievable through
W doping was 160K.[13!] In addition, in aspect of raising phase
transition temperature T, Victor et al.['*?] successfully raised the
phase transition temperature of the material to 137° with Fe dop-
ing. Through years of research, elemental doping has achieved
a wide range of adjustment of the phase transition temperature
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of new materials, which is meaningful in the application of VO,-
based optical and electrical devices, especially in the field of smart
windows, which has great application potential.

5.3. Improvement of Optical Properties

To study the influence of doping on the phase transition of VO,,
in addition to the phase change temperature, the optical perfor-
mance modulation of VO, is also the focus of studying. The in-
dicators to measure the optical performance of doped thin films
are mainly visible light transmittance (T),,,,) at room temperature
and solar-modulation efficiency (AT,). The calculation of T,
and AT, is generally based on the transmission spectrum in a
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Table 4. Effect of element type and doping concentration on phase transi-
tion temperature (T¢).

Date Doped Doping ratios? Tc Reference
elements
2008 Al 10 at.% 40°C 21
2010 Mo —3°C/at.% [133]
2011 w -(48-56) K/at.% [134]
2015 Ti 20 at.% ~360 K [135]
2016 Li —43 K/at.% (Calc.) [136]
2017 Ge 5.9 at.% 93.6 °C [137]
2018 Fe-Mg 9.2%—-7% 36.7°C 33]
2019 Tb/La 3.1at.% 206 K/225 K [18a]
2019 Nb 6 mol % 25 °C [138]
2020 Sn-W 1.9 at.%—1.6 26 °C [139]
at.%
2020 B 31.5 °C/at.% 1122
2021 Fe 12.6 mol % 134°C [132]
2021 Ta 4at% 24.8°C [43]
2022 Ar N/A 31°C [140]
2022 La-Mo Tat.%—1.5 at.% 38°C [34a]

I The doping ratio and its calculation standard are article-specific and are not modi-
fied by conversion.

certain wavelength range, and the calculation formula is as fol-
lows:

T _ /(plum/sol (A) T(/l) da 4
pumsol f(plum/sol (’l) da ( )

A Tsol = Tsol,LT - Tsol,HT (5)
where T(4) is transmittance at a wavelength of 4, ¢,,,,(4) is the
standard luminous efficiency function for the photopic vision,
and ¢, (4) is the solar irradiance spectrum for air mass 1.5 cor-
responding to the sun standing 37° above the horizon 31341411
Table 5 summarizes the high T, and AT, achieved in re-
cent years with different elemental doping in specific wavelength
ranges. As can be seen from the table, in the visible range of 380 —
780 nm, more than 50% of T, and more than 12% AT can al-

Table 5. Effect of element doping on optical properties of thin films.

Date Doped Tlum_max  Wavelength range /A\Tsol_max Reference
elements  (380-780 nm) (A\Tsol)
2018 Fe-Mg 42.1% 280—2500 nm 12.8% [34a]
2019 W@PVP 68.3% 250—2500 nm 20.4% [130a]
2020 Sn-W 64.4% 280—2500 nm 15.4% [143]
2021 Hf-W 41.1% 780—2500 nm 13.1% [32]
2021 W@ 92.48% 280—2500 nm 77.20% [144]
PNIPAM

2022 Co 79% 280—4000 nm 12% [37]
2022 ZrO2 51.1% 300—2500 nm 12.6% [145]
2022 La-Mo 32% 300—3000 nm > 10% [34a]
2023 Fo-Mo 59.7% 300—2300 nm 13.7% [126a]
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ready be achieved. Itis noteworthy that VO, polymer films doped
with low concentrations of elements can often achieve extremely
high optical modulation, but this performance stems from the
contribution of the polymer itself, not doping, so it will not be
discussed in this chapter. In addition, the performance of doped
films and the types of doped elements are also inseparable, some
elements improve the optical properties of the film more obvi-
ously (e.g., Mg, Sn), while some elements are not (e.g., W, Mo).
In general, the same element has competition in the ability to
adjust T and optimize optical performance, and co-doping can
solve this problem, some elements are responsible for reducing
T, and some elements are responsible for improving optical per-
formance, which has achieved ideal results in experiments.

For example, in 2020, Zhao et al.!**! proposed a method for
Sn—W co-doping, adding Sn to W-doped VO,, aiming to reduce
T by W and widen the optical bandgap by using Sn, improve the
transmittance of materials, and realize an efficient smart film. Fi-
nally, the experiment found that the film doped with Sn-W was
~1.8 times higher than that when W-doped, but the W doping
decreased T did not change significantly, suggesting that co-
doping offers a new strategy for improving the optical perfor-
mance of thin films. In 2022, Yang et al.*?] also took advantage
of the synergistic effects of La-M co-doping to reduce T by using
Mo’s large ion radius and high chemical valence. On this basis,
La is used to increase the optical band gap of the material and
improve the visible light transmittance.

The transmittance of a material is closely related to its band
gap, and the wider the band gap, the easier it is for photons with
low energy to transmit, so the change in optical properties of the
thin film caused by doping can be well explained from this angle.
Based on the transmission spectrum study of (e¢hv)"-hv curve re-
lationship, the change of band gap can be obtained, and the rela-
tionship between the two is as follows:

(@hv)" = A (hv—E,) (6)

where «a is transmittance is the absorption factor obtained from
the transmittance spectra, h is the Planck constant, v is the op-
tical frequency, hv is the photon energy, A is the constant, E, is
the energy gap of the material. The n in the equation (6) is deter-
mined by the properties of the material, n takes 2 corresponds
to the direct energy gap of VO,, and in some reports, let n =
2, calculate the E, size of the doped material from the (ahv)’-hv
curve relationship.313234.142] For example, Geng et al.l>!] pointed
out that the optical response behavior caused by doping is re-
lated to the inherent band gap of the material, and through the
above calculations, the optical band gap of the doped material in-
creases significantly, so the transmittance of the doped material
increases, In addition, Ji et al.l**} let n = 1/2 by linearly fitting
the plotted (ahv)/2-hv curve, the doped material is calculated to
have an optical band gap of up to 1.89 eV, corresponding to the
highest Tj,,..

When describing the reasons for the variation in the optical re-
sponse of doped films, the microtopography of the film is often
also taken into account, as shown in Figure 14. Xu et al.?8] pre-
pared Ta-doped VO, film and found that with the incorporation of
Ta’* ions, the porosity of the film surface increased significantly
(Figure 14e-h), this increases the transmittance (T}, ) of the film
atlow temperature. Different from the external regulatory factors
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Figure 14. Doped film morphology. a) undoped; b) 0.74 at% Sn-doped; c) 1.73 at% Sn-doped; d) 1.86 at% Sn-doped. Reproduced with permission.[143]
Copyright 2020, Elsevier B.V. e) 0.22% Ta-doped; f) 0.34% Ta-doped; g) 0.71% Ta-doped; h) 2.51% Ta-doped. Reproduced with permission.[38] Copyright

2021, Elsevier B.V.

of heat, light, electric and strain mentioned above, element dop-
ing should essentially be regarded as an internal structure “modi-
fication” that has significant modifying effects on VO,, which has
development potential in the field of optical devices in the future.

6. Progress in VO, Application

VO, is widely used in optical and electrical devices because of its
special phase change properties, especially in recent years, the
improvement of device preparation level and the advancement of
characterization methods, various high-performance VO,-based
optical/electrical devices have been reported frequently, such as
terahertz modulators, smart windows, sensors, etc. The following
mainly introduces the application progress of VO, devices from
the above specific practical application perspectives.

6.1. Terahertz Modulators

Terahertz waves are between infrared and microwave, with all the
characteristics of electronics and optics, which can compensate
for the shortcomings of microwave communication and optical
communication, while terahertz modulators can modulate out-
put according to the required terahertz waves. Vanadium oxide
films are semiconductor phase at low temperature and are al-
most transparent to terahertz waves. At high temperature, VO,
changes to a metallic phase with increased carrier density, en-
hanced reflection and absorption of terahertz waves, resulting in
low transmittance. Therefore, VO, film becomes a popular ma-
terial for THz wave modulators.[38146]

In 2009, Seo et al.1*’] first reported that the micro-nano aper-
tures size of the film was controlled by temperature-driven VO,
substrate refractive index change, and the transmission modula-
tion of terahertz wave (0.1-1.6 THz) was realized, revealing the
application potential of VO, materials in the field of terahertz
wave modulation. Subsequently, VO, materials have been exten-
sively studied in the field of terahertz modulator preparation, and
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a variety of excellent VO, terahertz modulators have been real-
ized.

From the perspective of control conditions, due to the charac-
teristics of VO, multi-condition induced phase transition, VO,
terahertz modulators have developed different control methods
(thermal, electrical, optical). As shown in the Table 6, different
control methods implement different modulator performance.
For example, the modulator response speed of optical and elec-
trical trigger is faster than that of thermal trigger, and it has been
reported that the principle of optical pump excitation carrier can
be used to control the passage of terahertz waves, and the re-
sponse speed reaches the order of ps.'®! However, the thermal
trigger can achieve room temperature modulation by reducing
T by doping. In short, different control conditions have their
own advantages, and the specific choice depends on the actual
application conditions.

A terahertz modulator is evaluated by its modulation depth
(MD), bandwidth, response speed, or trigger threshold. First,
The THz field amplitude modulation depth results from a large
change in carrier concentration, defined as:

Md = LM ()

where E; and E,; are the THz field amplitudes at insulating and
metallic states of a VO, film, respectively. Increasing the modula-
tion depth is critical to the modulation scale and signal control of
the modulator, and there are many ways to achieve it. For exam-
ple, Zhao et al.['%! used low-light pump energy to excite Si sub-
strates to generate carriers, which reduced terahertz wave trans-
mittance without triggering the VO, phase transition and excit-
ing VO, large concentrations of carriers. Ma et al.l'*] found that
by increasing the VO, film thickness in VO, /CNT, it was possible
to increase the MD from 26% to 87%, achieving a huge change
in modulation depth. In addition, high modulation depth can be
achieved by setting the metasurface structure to change the opti-
cal transmission of the device.[1¢148] In general, high modulation
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Table 6. Research progress of terahertz modulator in recent years.

www.advelectronicmat.de

Date Sample Modulation Depth Bandwidth [THz] Response Triggering threshold Insert Reference
time loss
2018 Nb doped VO, 64% 481t05.4 N/A Thermal: 31.1°C N/A [149a]
2018 VO, 97.6% at N/A N/A Thermal: 95 °C N/A [157]
0.5 THz
2018 Al/Si;N,/VO, 99% at 0.5 N/A Electrical: N/A [152]
Metasurface
0.45 THz 0.28 A
2019 VO, /Mica 81.2% N/A 120 ms Light: N/A [149b]
0.13 m) cm~2
2019 VO,/ 94%, Average 0.2t02.0 N/A Thermal: 70 °C N/A [153]
c-sapphire
2020 Graphene/VO, 96%, Average 03to 1.5 N/A Electrical: - —4.1 [154]
2020 VO, /CNT 91%, Average 0.2t02.5 5ms Light: 2.2dB [146]
0.58 mW mm~2
2021 VO, /PVP 65% ~0.3210 0.5 N/A Light: N/A [155]
4.3 mW mm~2
2021 Si3N,-VO,-SizN, 99% at N/A 100 ms Electrical: N/A [156]
0.8 THz 03A
2022 Si/VO, 97.2% at 0.4t01.8 2ps Light: N/A [16d]
Metasurface
0.9 THz 1600 pW cm=2
2022 VO, 99.9% at 0.35t0 0.76 1s Electrical: N/A [150]
0.55 THz 18 mA
2022 VO, patterns 68% ~0.1t0 0.8 19s Electrical: N/A [157]
520 mA
2023 Cu@Sio,/ 73%, Average N/A N/A Thermal: 70 °C N/A [148b]
VO, ®Si0,

depth means that a large number of signals can be controlled, in-
creasing the diversity of modulation. As shown in the Table 6,
some current studies have achieved modulation depth of more
than 99% at specific frequencies and 90% average modulation
depth in a certain band.

In addition, low modulation threshold have been the focus
of VO, terahertz modulators, which is critical to reducing the
cost of modulators. There are many ways to achieve a low trig-
ger threshold, such as doping, choosing the right substrate, and
so on. However, elemental doping increases carrier concentra-
tion and decreases carrier concentration variation, thereby weak-
ening the modulation depth, which greatly affects modulator
performance.l'®*1%] For example, Li et al.'*®! found that the
vdW bond between the mica substrate and the VO, film was used
to avoid the clamping effect, reduce the lattice effect of the film
and the substrate, and reduce the heat conduction of the film to
the substrate because of the weak lattice coupling, and finally re-
duce the trigger threshold and keep ideal Md.
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Due to the hysteresis of VO,, electro-optical terahertz mod-
ulation has a historical dependence, which affects control and
accuracy. For this reason, Ren et al.’® use a computer con-
trol program to receive the output signal PR in real time and
adjust the input signal Ia for feedback, and automatically ad-
just the input signal when the output signal deviates from the
expected.

Compared with other electromagnetic waves, terahertz wave
has high penetration, high resolution, low energy, and out-
standing transient performance, and based on this, terahertz
technology is expected to be widely used in medical imag-
ing, safety screening and material spectroscopy. The develop-
ment of various terahertz manipulation devices is the appli-
cation prerequisite of terahertz technology. At present, THz
AMs based on VO, can achieve considerable Md, low inser-
tion loss and perfect broadband response, successfully combin-
ing terahertz technology with VO, materials, with broad market
prospects.
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6.2. Sensors

The sensor is a detection device that converts the detected infor-
mation into electrical signals or other required forms of informa-
tion output according to certain rules to meet the requirements
of information transmission, processing, storage, display, record-
ing and control. The following mainly introduces the develop-
ment of VO,-based sensors from different types of sensors.

The thermochromic properties of VO, indicate a large tem-
perature coefficient of resistance (TCR) near T, which is attrac-
tive in the design of heat measurement.[*”) The heat that affects
the physical properties of VO, can be provided by photoirradia-
tion, so VO, has become a new candidate material in the field
of bolometer. Already in the last century, VO,-based bolometer
arrays were reported. And Zerov et al.'*® studied the operat-
ing characteristics of VO,-based bolometer in the phase transi-
tion temperature range, and found that a large amount of noise
caused by phase transition occurred, and the excess noise is de-
pendent on current and frequency.

The hysteresis characteristics of VO, are extremely detrimen-
tal to the application of bolometers and need to be improved.['/]
In recent years, bolometer have been improved, such as Ain-
abayev et al.l*®! to control the SMT parameters of growing ul-
trathin epitaxial VO, samples by changing grain size and oxygen
vacancy concentration. Wide TCR (2.1-53.9%) and RT resistivity
values (0.0019-1.02 Q cm) are provided in a wide AT (10 - 35 K)
range, accompanied by a very low AH variable between 0.2-2.

Different from the photothermal effect, Kabir et al.'**] de-
signed a photophysical sensor with different light responses in
the broadband range from ultraviolet to near-infrared to display
excellent sensing performance.

In addition to phase change characteristics, vanadium dioxide
can also be electrochemically oxidized, can be used as an elec-
trochemically stable material in oxidation and reduction process,
and it shows great flexibility in inorganic networks for chemical
detection and application in the field of chemical sensors. For
example, E.M. Guerra’s team used VO, thin film to modify the
electrode to make the electrode surface have high electrochem-
ical porosity, so that the sensor showed superior sensitivity and
a large electrochemical activity region, and achieved 61.5 mV/pH
(pH = 5-8)[**T and 33.9 mV/pH (pH = 4-10)!16!] sensitivity in AZI
and glucose sensor designs, respectively.

In the chemical sensor there is a type of sensor for detecting
gas-gas sensor, some researchers have designed a variety of gas
sensors according to the special role of VO, and gas molecules
(gas molecules are adsorbed or desorbed by the surface of VO,
film, thereby changing the electron concentration on the surface
of VO,, and then changing the physical characteristics of film re-
sistance and light absorption). For example, Simo et al. et al.l'®?]
demonstrated for the first time that VO, has ideal hydrogen sens-
ing capabilities at room temperature. Recently, Joy et al.l1%3] used
DFT and molecular dynamics to study the gas-sensitive charac-
teristics of gold-doped vanadium dioxide, and found that CH,
adsorbed Au-VO, system has the smallest adsorption distances
and energies, and through Hhirshfeld charge transfer analysis
and CDD and DOS calculations, it is inferred that CH, molecules
have obvious electron transfer to Au-VO, system, and it is con-
cluded that Au-VO, has strong sensing characteristics for CH,
gas. Huang et al.!% studied the H, S sensing mechanism on the
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Pd/VO, surface and found that the adsorption process of H,S
gas on the intrinsic VO, surface was spontaneous, and the ad-
sorption characteristics of H,S were improved by loading the Pd
at the optimal position. And they found that VO,+Pd+H,S film
has the strongest response to visible light, which provides theo-
retical support for the fabrication of optical gas sensors. Rahman
et al.'%] even successfully set up an NFC detection system based
on the charge transfer characteristics between nicotine and VO,,
as shown in the Figure 15.

In recent years, the demand for wearable sensing devices has
driven the development of flexible sensing devices. VO, is an ex-
cellent choice for flexible sensors due to its fast switching speed,
diverse trigger conditions, strong non-volatility, excellent scala-
bility and ability to work at room temperature. For example, Li
et al.l!%] chose to deposit VO, film on mica substrate, and after
bending test, it was found that the phase transition process of
VO, film induced by ultraviolet light was almost not affected by
bending, and showed good bending stability.

On the other hand, in some conditions, some flexible sensors
take advantage of their bendable characteristics as strain sensors.
For example, Huang et al.l'”] prepared VO, nanowires on a flexi-
ble PET substrate, and by studying the changes of resistance and
phonon vibration modes of the homogeneous phase of M1-M2 in
the radial distribution, they found the M1-M2 and M2-M1 modes
under the action of stress in different directions, and the sensor
showed good sensitivity to the stress direction.

In recent years, neural networks as sensor integration applica-
tions have developed rapidly. Li et al.l'%! built a typical ANN to
test the MNIST datebase based on a designed VO, /mica flexible
sensing module for UV light writing (oxygen effusion) and gated
electrolyte erasure (oxygen insertion). As shown in the Figure 16,
the whole system adopts a near-sensor computing architecture,
and the image information can be read from the sensor unit
through the voltage and transmitted to the ANN classifier to re-
alize the training of artificial neural networks.

At present, VO, has been successfully designed with a vari-
ety of sensors and has shown good sensing performance. At the
same time, VO, sensors can be modified in a variety of ways,
so the corresponding sensors have strong environmental adapt-
ability. In short, VO, is a material with applicability in the field of
sensors, with some market prospects and development potential.

6.3. Smart Windows

VO, is an excellent thermochromic and electrochromic material
with great application potential in the field of smart windows.
Through thin film fabrication technology, VO, smart windows
can actively or passively respond according to the environment
and needs, modulating transmitted light, which has strong ap-
plication values. Since 2003, when Kato et al.'%®! first proposed
the concept of VO, smart windows, the research of VO, smart
windows has made great progress. The following mainly intro-
duces the development of VO, smart windows from the aspects
of optimization technology and performance.

The most common adjustment method of VO, smart win-
dow is thermal adjustment based on thermochromic properties,
generally the critical temperature of VO, film thermochromic
is 68 °C, but through elemental doping, interface effect and
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Figure 15. a) Schematic diagram of the circuit design; b) Schematic of the device: stacks represent different layers of the device; c) Optical photograph
of the fabricated device. Reproduced with permission.[18%] Copyright 2021, TAYLOR & FRANCIS.

external field action can greatly reduce the phase change tem-
perature of VO,, or even reduce to room temperature, the film
shows excellent ambient light modulation ability, to achieve pas-
sive adjustment at room temperature. In Section 5, the excel-
lent modification effect of doping on VO, films, especially large
particle elements such as W, can easily reduce T, to room
temperature.[?>13%19] However, the optical modulation ability of
W-doped VO, thin films is not good enough, so some individuals
have proposed the mechanism of elemental co-doping, 1321411701
using low-valence ions to widen the optical band gap, inhibit the
absorption of visible light, and improve the transmittance of vis-
ible light. However, co-doping still cannot meet the ultra-high
transparency of smart windows, which greatly affects the appli-
cation process of VO, smart windows.

In subsequent work, scientists found that the introduction of
polymers could improve the optical performance of smart win-
dows. According to the mixing rule of pure components, the ex-
tinction coefficient of VO, /polymer composite film is between
pure VO, particles and polymers, because many polymers are al-
most transparent to visible light, so the transmittance of compos-
ite films compared with pure VO, films or doped films has been
significantly improved.['”!] Based on this mixing, the composite
film can also change the unfavorable yellow color of the original
VO, and improve the aesthetics of the film.['71#172]
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However, the aggregation of VO, NPs in polymers increases
absorption and scattering, which in turn deteriorates the opti-
cal properties of VO, composite films.!'”!¢] The interaction be-
tween oppositely charged groups in hydrophilic polymers with
suitable viscosity can improve the dispersion of VO, NPs and
improve the uniformity of film formation, inhibit polymer con-
jugation and coffee-ring effect, and improve the visible light
transmittance and infrared modulation ability of the film.[171<173]
As an example, Zomaya et al.’d tested the dispersion of VO,
in P4VP, and the results showed that in the P4VP system,
VO, has the highest degree of dispersion due to the coordina-
tion of VO, and pyridine ring, and that the P4VP/VO, films
exhibited satisfactory visible light transmittance and infrared
modulation by adjusting the polymer concentration and film
thickness.

Moreover, the presence of polymers makes it easier to pro-
duce “discontinuous” coatings (e.g., porous coatings or etched
films) that increase light transmittance without decreasing in-
frared modulation.l'’27*] Among them, the increase in porosity
improves the modulation of film transmittance and solar trans-
mittance is ascribed to interfacial scattering that limit direct sur-
face reflection 7217401751 Etching and self-patterning increase the
transmittance of the composite film through the anti-reflection
effect [172176]
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Figure 16. Schematic diagram of the near-sensor computing architecture for multitasking, including the recognition of MNIST dataset and edge-
enhancement processing. Two Sobel convolution kernels were used for vertical and horizontal edge detections, respectively, and the Laplace convolution
kernel was used to detect edges in all directions. Reproduced with permission.[1%¢] Copyright 2022, WILEY-VCH.

Studies have shown that VO, NPs in metallic state can un-
dergo surface plasmon resonance (SPR), which affects scattering
and absorption.!'71»174177] The homogeneous dispersion of VO,
NPs by polymers can minimize large scattering centers that do
not exhibit the desired plasmon resonance, and maintain high
absorption of metal nanoparticles at resonance (at ~1.2 pm), re-
sulting in a decrease in infrared transmittance at the same spec-
tral position and an increase in modulation ability. In addition,
the polymer gives the film good tensile properties, which can
change the dispersion of VO, NPs and the influence of plas-
mon resonance, and the spacing between NPs can be changed
or voids can be introduced after stretching, so as to change the
optical transparency of the film and obtain more ideal spectral
properties. In addition, the polymer can introduce the advan-
tages of VO, NPs size and shape on surface plasmon resonance
tuning into the design of smart windows, promising the highest
performing thermochromic windows.!'”"" Common VO, poly-
mer film materials include PVP,!13%178] PMMA [17°] P4VP[3d] and
PNIPAm.I#180 Acrylic and polyurethane (PU) are also com-
monly used as host polymer materials for VO, /polymer ther-
mochromic films.['72 The properties of the films prepared by dif-
ferent polymers are different.

Unlike the polymer tested above, PNIPAm has phase change
characteristics, and the phase change temperature is low: a large
number of hydrogen bonds are formed between water and PNI-
PAm molecular chains, once the temperature exceeds the crit-
ical solution temperature (LCST), water molecules will be re-
leased from PNIPAm macromolecules, and the polymer col-
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lapses, resulting in a strong optical contrast between PNIPAm
and water, and light scattering on the interface between PNI-
PAm particles and surrounding water, resulting in a decrease in
transmittance.14]

For example, in 2021, Zhang et all* prepared a
VosWi,0,@Si0, doped [poly(N-isopropyl acrylamide), PNI-
PAm] (VSP) microgel film with ultra-high light transmittance
and optical modulation ability, with transmittance of 92.48%
in the visible light region, 77.20% solar modulation efficiency,
and phase transition temperature as low as 30 °C, showing
strong contrast at room temperature. In addition, Feng et al.['8%]
tried to add additional HPC and successfully prepared a W-
VO, /PNIPAm-HPC hydrogel membrane with T, of 87.16%,
AT, of 65.71%, and critical solution temperature (LCST) of
29°C. As shown in Figure 17b—f, the HPC network prevents
volume shrinkage of PNIPAm phase transition through hydro-
gen bond interaction and high crosslinking density between
PNIPAm and HPC polymer chains, improving the reversibility
and durability of smart windows.

While improving the optical performance of smart windows,
service life is also a key research direction. VO, oxidizes slowly at
room temperature, and has poor moisture and oxygen resistance.
In order to achieve a high-quality smart window with a long life,
it is necessary to hinder the oxidation of VO, through prepara-
tion technology. Although the existence of the polymer can block
a certain amount of moisture and oxygen, due to the large surface
energy of VO,, it is easy to agglomerate, and has poor affinity with
the organic matrix, forming interfacial gaps. Over time, moisture
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of the composite film. Reproduced with permission.['82] Copyright 2022, Elsevier.

and oxygen will still invade, greatly affecting the performance of
smart windows.!'7%?] The core-shell coating can reduce the sur-
face energy of VO,, improve the dispersion and compatibility of
VO, in the polymer (Figure 17a), and enhance the durability of
smart windows.!!72179%b181] However, the core-shell structure is
prone to crack due to the transformation of VO2 lattice struc-
ture, and increasing the molecular weight of the polymer and
crosslinking the adjacent polymer can well prevent the diffusion
of gas in the polymer.['7%183]

In addition, setting the protective layer is also an efficient way
to block water oxyzen and improve the lifespan of windows. Vu
et al.'®] first formed a unique VO, nanorod embedded structure
by introducing seeding to guide growth during the reaction sput-
tering process, and then formed a V,0,/VO, thermochromic
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composite film (as shown in the Figure 17 g), the presence of
V,O; reduced the lattice mismatch of the amorphous surface of
VO, crystal and blocked water oxygen, thereby greatly slowing
down the oxidation process of VO,, and finally tested the life of
the smart window was as high as 33 years. Similarly, Li et al.['3]
designed a V,0,/VO, /V,O; structure, which also uses the V, O,
layer to hinder the oxidation of VO,, and the service life of the
window can reach 20 years after accelerated experimental tests.
In addition, the use of core-shell coating can greatly slow down
the oxidation process of VO, and ensure the optical properties of
the prepared thin film.!18118%]

Compared with thermochromic smart windows, VO, elec-
trochromic smart windows can actively adjust the window func-
tion through electrical control, and have a strong degree of
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adjustment freedom. Nakano et al.>**) used FET structure to
study the electrochromic characteristics of VO,, and found that
the modulation efficiency of the film in the infrared band is little
high, pointing out the development potential of VO, in the field
of energy-saving smart windows. Chen et al.l®! studied the opti-
cal performance change of VO, phase transition by gating voltage
control H doping, and realized an electronically controlled smart
window with a solar modulation capacity of 26.5% while main-
taining a visible luminous transmittance of 70.8%.

However, VO, electrochromic performance is inferior, so
some researchers combine the thermochromic properties of VO,
with the electrochromic properties of other materials (such as
WO,) to construct a smart window that can respond to both elec-
trical and thermal, realizing the integration of active and passive
response. For example, Jia et al.['®] added Li*/Al** composite
solid electrolyte between the thermochromic VO, layer and the
electrochromic WO, layer. The device can achieve independent
modulation of visible and near-infrared light through active re-
sponse to voltage, passive response to temperature, or a combi-
nation of both, and obtain four reversible functional modes. Lee
et al.'%] also used WO, and VO, materials to prepare flexible
electro-thermal intelligent windows on the basis of WO, EC and
VO, TC devices, which provided ideas for the development of
flexible multi-functional smart windows in the future.

Now VO, smart windows have developed relatively mature,
windows as a heat exchange medium in most environments, ef-
ficient light modulation ability can make it have efficient energy-
saving effects,88 coupled with the breakthrough of service life,
which makes VO, in indoor home, car windows and other fields
of industrialization accelerated, becoming a classic material from
laboratory to market.

6.4. Other Applications

In addition to the above application range, VO, is also used in
the design of some other optical and electrical devices due to its
special phase change properties. For example, FETs are a class
of semiconductor devices that control the output loop current
by controlling the electric field effect of the input loop. Because
VO, can control phase transition through electric field, it has
unique attraction in the field of circuit switching elements such
as FET, and achieves performance optimization on the basis of
traditional FETs and realizes a series of phase change FETs.

For example, in 2015, Shukla et al.['®! designed a hyper-FET,
the schematic is shown in the Figure 18a, through the given
drain-to-source voltage (V,s) and gate bias V4 to change the I,
trigger a sudden phase transition of VO,, which in turn leads to
a sudden I, mutation, so that the device has a steep reversible
switching behavior, and the output characteristic curve shows ex-
cellent I, saturation behavior (Figure 18b). This I-V feedback
behavior results in a negative differential resistance (Figure 18c),
which is equivalent to creating an internal amplifier that en-
hances performance over traditional field-effect transistors. In
2019, Dasgupta et al.l'®¥ used Verilog-A to build a physically
compact model similar to Nikhil Shukla, using self-heating to
capture temperature-dependent multidomain switching behav-
ior, and analyzed complex NDR and hysteresis behavior, reaching
similar conclusions to Shukla et al.
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In the same year, Yamamoto et al.'® used the transistor
structure to study the contact characteristics of VO,/MoS, and
VO, /WSe, heterojunctions in the transistor structure, and ob-
served that the high contact resistance at the contact of VO,,
MoS, and WSe, due to the formation of the interface bar-
rier, which is crucial for the research and application of high-
performance phase change FETs. In addition, it has been pre-
viously reported that doping can effectively reduce the barrier,
thereby effectively reducing the contact resistance.['%!]

In addition, VO, also has related applications in memory de-
vices, and the design principle is similar to that of neuronal sen-
sors. For example, Bae et al.l°! first reported a two-terminal mem-
ristor memory based on a single VO, nanowire, which used the
special hysteresis characteristics of the VO, I-V curve to main-
tain thermal stability in the hysteresis region through Joule heat-
ing generated by a specific bias voltage, and then used electrical
pulses to achieve resistance switching.

In 2021, Jung et al.l'*% first reported a VO, light-addressable
non-volatile memory at room temperature, which can be writ-
ten by a low-power optical pump, read out by voltage oscillations
between the insulator-metallic state after the input bias current,
and can also reset the memory by applying a smaller bias cur-
rent, which provides ideas for the design of light-addressed non-
volatile devices.

Finally, vanadium dioxide is a promising microactuator mate-
rial due to its high modulus of elasticity, large amplitude and high
volumetric work density in the transition between the insulating
M1/M2 and metal (R) phases.[162193]

In 2019, Shi et all®l used the VO, M1-R phase change
to design and fabricate tungsten-doped single-crystalline actu-
ator that can work at room temperature for the first time, as
shown in the Figure 19, unlike the bimorph actuator, the single-
crystalline actuator uses the laterally asymmetric strain/domain
distribution caused by the internal inhomogeneity gradient for
bending actuating, and finally achieves a maximum energy
conversion efficiency is ~0.83%, and the curvature Axm is
~2.5 X 10* m~!, which is greatly optimized compared with the
bimorph actuator.!**l It was also found that the curvature had
an almost linear relationship with ambient temperature before
SCVAs reached their maximum curvature, which gave high sen-
sitivity to the continuous and precise modulation of therm-driven
bending ((0.125-0.25)x10* m~! K1).

Later, Zhang et al.'%] obtained M2 phase VO, NWs single
crystal by thermal evaporation, using the method of in situ
electrical-force coupling test, the actuation stress of the microac-
tuator driven by VO, NWs phase transition is quantitatively stud-
ied, and the results showed that the phase change stress could
reach 2.09 GPa and the volumetric work density could reach
15.9 ] em™?, showing superior driving ability than VO, (M1).

Highly efficient microactuators are critical in microelectrome-
chanical systems (MEMS), micromanipulation, micromechani-
cal switches, microrobotics, and more. VO, improves microactu-
ators due to its excellent actuation characteristics, and VO,-based
microactuators have great application value and promote the de-
velopment of microactuators.

In short, due to its unique phase change characteristics and
electrochemical characteristics, VO, is used in the preparation
of optical and electrical devices, and has application potential in
the field of new devices. However, VO, has some mysteries that
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Figure 18. a) Schematic of a hyper-FET consisting of a two-terminal VO, device; b) 15—V transfer characteristics of the hyper-FET exhibiting abrupt
and reversible modulation of the channel current Iyg as a function of the gate-source voltage Vgs. The abrupt turn-ON and turn-OFF of the hyper-FET
corresponds to the IMT and MIT in VO,, respectively; c) Current versus voltage characteristics of the VO, device with (red) and without (blue) the
MOSFET in series, illustrating the electrically triggered abrupt IMT. Reproduced with permission.['®] Copyright 2015, Springer Nature.

have not yet been solved, and its practical application process is
affected by the disadvantages of poor resistance to water, oxygen
and high temperature, and high light absorption. More efforts are
needed to promote the commercial application process of VO,.

7. Summary and Outlook

In summary, based on the unique MIT behavior, VO, mate-
rial is an excellent functional material with great application po-
tential in the field of optical and electrical devices. In this re-
view, we first summarize the mechanism explanations of VO,
insulator-metal phase transition, during which the lattice struc-
ture and electronic structure of VO, change significantly, mak-
ing the VO, mechanism still questionable. At present, the Peierls
mechanism, Mott mechanism and Mott-Peierls mechanism of
phase transition have their corresponding experimental proofs,
so it is speculated that the VO, phase transition mechanism may
be related to experimental conditions, and the specific explana-
tion needs to be further studied. We then present the optical and
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electrical properties caused by phase transition, in which we sum-
marize the bandgap explanations for changes in optical proper-
ties in existing reports. The hysteresis accompanied by changes
in physical properties has always been the focus of VO, material,
and we specially summarize this part to point out the research
progress of hysteresis phenomenon and its application value in
different application conditions. At present, there are few reports
on the elimination of hysteresis. Doping and particle size have
been proved to be effective in reducing VO, hysteresis, but how
to effectively eliminate VO, hysteresis still needs further explo-
ration.

As a strongly correlated material, VO, can be modulated by
thermal, electrical, optical, strain, magnetic and doping. There is
a crossover of mechanisms behind different modulation meth-
ods, such as thermal modulation and electro-joule heating. Dif-
ferent from the previous review of regulatory methods, this paper
mainly summarizes various regulatory methods from the per-
spective of application, and provides a detailed overview of the
corresponding control structures (electrical, optical and strain).

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

95UB017 SUOLLLIOD) SIS0 8|l dde au Aq pouenob 812 saole YO ‘88N J0 S9N o} ARG 8UIIUQ AB]IAA UO (SUONIPUOD-PUE-SLUISYW0D" A | IMAle.q1BUI|UO//:SANLY) SUONIPUOD Pue S | 8U) 89S *[7202/70/82] UO ARIqTauliuO A81IM ' ADOTONHOTL 40 A LISHIAINN NYHNM Ad 66900202 W Be/Z00T 0T/10p/W0d A8 1M ALeiq 1 jpul|uo//:sdny woj pepeojumoq ‘v ‘%20z ‘X09T66TZ



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a VO./SL Bimorph actuator

Single-crystalline actuator

www.advelectromcmat.de

1. (°C)

68

25

I 25°C

T
I o=

ey

[ vo.im) [ vo.(

| 68 °C

[] Supporting layer (SL)

Figure 19. Schematics of typical VO, /supporting layer (SL) bimorph actuator and the proposed single-crystalline VO, actuator. a) T (phase transition
temperature) distribution and b) corresponding bending principles of bimorph actuator (left) and single-crystalline actuator (right). Reproduced with

permission.!3b] Copyright 2019, WILEY-VCH.

In addition, magnetron is a new control method that has been
studied in recent years, which triggers VO, phase transition or
affects VO, phase transition characteristics through direct or in-
directaction of magnetic field, as a non-contact control method, it
has deep research significance. However, the thermal generation
and triggering mechanism of some VO,-based devices are still
controversial, which affects the preparation and development of
devices. The optimization of device structure can avoid the gener-
ation of unnecessary heat quantity and other influencing factors,
which has inspirations for the design of VO,-based devices in the
future.

In addition, this paper focuses on doping, as a special “modi-
fication”, it has an excellent modification effect on VO, and has
a wide range of applications in the field of intelligent coatings.
Finally, the application process of VO, in recent years has been
intensely rapid, and it has achieved remarkable results in pop-
ular devices such as smart windows, sensors, terahertz modula-
tors and FETS. As a classic application of VO,, the smart windows
have been greatly improved the optical performance and service
life by doping, introducing polymer, core-shell coating, setting
protective layer and other preparation processes. These methods
have guiding significance for the life improvement and perfor-
mance optimization of other devices. In addition, throughout a
variety of VO, applications, ultrafast control methods such as
electronic control and optical control will be extremely potential

Adv. Electron. Mater. 2024, 10, 2300699 2300699 (34 of 40)

control methods, and will be a significant updating for many op-
tical and electrical devices. This paper summarizes the progress
of the above VO,-based devices in recent years, points out the key
breakthroughs in VO, applications in the future and new poten-
tial applications, and has a certain guiding role in the process of
VO, application.
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