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Abstract

In this article, we present a comprehensive review on recent research progress on
design and fabrication of active tunable metamaterials devices based on phase
transition of VO,. Firstly, we provide an introduction regarding mechanisms of
metal-to-insulator phase transition (MIPT) in VO, investigated by ultrafast THz
spectroscopies. By analyzing the THz spectra, the proecesses-evolutions of MIPT in
VO, induced by different external excitations are described. The superiorities of using
VO, as building blocks to construct highly tunable metamaterials are discussed.
Subsequently, the recent demonstrated metamaterial devices based on VO, are
reviewed. These metamaterials devices are summarized and described in the
categories of working frequency. In each working frequency range, representative
metamaterials based on VO, with different architectures and functionalities are
reviewed and the contributions of the MIPT of VO, are emphasized. Finally, we
conclude the recent reports and give a prospect on the strategies of developing future

tunable metamaterials based onVO,.
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1.

Introduction

Metamaterials have attracted increasing interests in the past two decades because
these artificial composite structures have fancifully unconventional properties.[1]
Metamaterials are artificial materials with designed sub-wavelength structures
including arrays of sub-wavelength wires, split ring resonators (SRRs), fishnet
structures, and so forth.[2-4] The designed sub-wavelength structures are-designed
to—couple with the electric or/and magnetic component of the incident
electromagnetic waves, which leads to myriad unique phenomena, such as
negative refractive index, sub-wavelength focusing and perfect resonant
absorption.[5-9] Hence metamaterials provide a platform to explore various
applications—Fhe-demonstrated-apphications-inelude such as invisibility cloaks,[10,
11] superlens,[12, 13] specific absorbers[14] and strain sensors[15]. However,
many applications are impeded due to the lack of tunability and limited working
bandwidth, which are mainly determined by the nature of the sub-wavelength
structures and the employed materials. Recent reports have demonstrated that
different approaches have been used to realize tunable metamaterials devices.[16]
These devices possess tunable, switchable or nonlinear response and
functionalities.

Tunable metamaterials are known as metamaterials with tunable responses to the
incident electromagnetic radiation. The interaction between the tunable

metamaterials and the incident radiation can be controlled, thus the response to the



incidence can be actively tuned.[17] In addition, tunable metamaterials allow one
to control and manipulate the electromagnetic radiation in a real-time manner.
Various approaches have been exploited to facilitate the tunability of
metamaterials. Generally, the approaches_that are employed to achieve tunable
metamaterials can be classified into two major classes. One is based on the
reconfiguration of patterned structures, such as bending the substrate,[18-20]
reshaping the structure of unit cells,[21, 22] or rotating the unit cell.[23] The other
aspect relies on changing the effective electromagnetic properties of substrates
[24-29] or the resonators.[30-35] It is facilitated by the flexibility and diversity of
the surrounding media or the tunability of the nonlinear properties of the
constituent materials. In earlier reports, metamaterials are usually designed to be
planar structures composed of arrays of metal patterns with sub-wavelength scale
on dielectric substrates.[36, 37] The tunability is realized by controlling the
properties (mostly the carrier density) of the substrate rather than the metallic
structures. However, the high dielectrics of the substrates restrict the significance
of the tunability. To enhance the tunability of metamaterials, two approaches
methods based on utilizing functional materials whose property could be
significantly tuned upon external excitation have been demonstrated. One
appreach—method is to form hybrid tunable metamaterials,[38-42] where the
functional materials is-are inserted between the metal resonators and substrate, In
the other appreachmethod, functional materials replace metals to construct the

resonators.[28, 43-46] The tunability of these metamaterials can be achieved by



applying external electrical, thermal and optical controlling.[24, 40, 47-51]

Among these functional materials, phase-change materials are good candidates to
provide widely tunable capabilities in metamaterials. The properties of
phase-change materials can be tuned in real-time during the structural phase
transition process. By using phase-change materials, optical responses of the
metamaterials can be significantly modulated by external excitations. VO, is a

typical phase-change material. elassicaltransition—metal dioxide—ltis—also—a

fameus—phase-change-matertal—It exhibits reversible MIPT at about 68 °C. The

conductivity presents a change of five orders in magnitude upon the phase
transition. The fundamental physics during the transition process has been
intensively studied.[52-55] Liu and co-workers studied the ultrafast dynamic
behavior of photoinduced MIPT in VO, thin films,[56] and investigated the
contribution of the size and oxygen stoichiometry to the MIPT behavior of
V0,.[57, 58] The MIPT of VO, can be flexibly triggered by the-approaches—of
applying heat, light, electric field, or even direct electrons.[59] This makes VO, a
promising phase-change material to be utilized te-enablein tunable metamaterials.
By designing different dimensional sub-wavelength structures, VO, have been
employed to fabricate tunable metamaterials working at THz and other optical
frequencies.[29, 47, 48, 60-64] To emphasize the contributions of VO, on
fabrication of tunable metamaterials, we herein provide a comprehensive
overview on the recent related reports. We firstly review the recent investigations

regarding fundamental physics of MIPT in VO, studied by utilizing ultrafast THz



spectroscopies. The mechanisms of MIPT in VO, induced by different stimuli
could be clarified via the analysis of the THz spectra. We also discussed the
superiorities of using VO, to form highly tunable metamaterials. Subsequently, we

review the recent demonstrated metamaterials-metamaterial devices based on VO..

These metamaterials are summarized and described in the categories of working
frequency. Metamaterials based on VO, for THz, microwave, infrared and visible
spectral ranges are respectively depicted. In each working frequency range,

state-of-the-art applications of metamaterials-metamaterial devices based on VO,

are discussed. Finally, we conclude the review and propose prospects on the

strategies of developing future tunable metamaterials based on\VO,.

Investigations of the MIPT in VO, via THz spectroscopies

The phase transition of VO, is accompanied not only by a significant change of
electrical conductivity but also by a remarkable modification of optical
absorbance. VO, is transparent over the infrared frequency range at insulator
phase, while the metallic phase of VO, is opaque at most spectral frequencies.
Due to its low photon energy, THz radiation is sensitive to the change of free
carrier density in phase transition process. Using THz as probe, THz
spectroscopies can be employed to clarify the generation of metallic state by
directly observing the dynamics of free carrier. The mid-IR or visible light is
incapable to identify the existence of metallic domains because the higher photon

energy of mid-IR and visible light may excite extra disturbances, such as transient



vibrational modes and the interband excitations. Therefore, THz spectroscopies
are befitting techniques to investigate the mechanisms of MIPT in VO.,. In this
section, investigations of heating and optical induced MIPT in VO, via THz
spectroscopies are discussed and physical insight into the nature of the MIPT in

VO, is provided.

2.1 Heating induced transition
VO, undergoes a phase transition at a temperature of ~ 68 °C. With the change of
temperature, two kinds of phase transitions occur. They are the electronic MIPT
and the structural monoclinic-to-rutile phase transition, respectively. These two
transitions do not always occur simultaneously.[65-67] Associated with these
transitions, dramatic changes of the optical properties at all wavelengths also
occur during the phase transition. THz time-domain spectroscopy (THz-TDS) has
been employed to study the THz transmission and conductivity of VO, with
temperature ramping across the phase transition temperature.[68-74] It should be
noted that the THz signal only measures the degree of metallization in the phase
transition process, while it does not give any information directly regarding the
structural change. The transmitted time-domain THz signals are measured, as
shown in Figure 1(a). The THz transmission and the conductivity (Figure 1(b)) of
VO, could be extracted from the recorded spectra. The THz transmission
significantly decreases when temperature rises across the phase transition

temperature, while the extracted conductivity of VO, at insulating state is 2-3



orders lower than that of the metallic state. This is observed in the entire measured
frequency range. The real part of conductivity as a function of temperature shows
a typical hysteresis behavior, as illustrated in Figure 1(c). The complex
conductivity of VO, at different temperature is calculated (Figure 1(d)), where the

spectra can be described well using Drude-Smith model, given by

2

T, C .
P20 1+——— ), where the parameter 1<c<0 describes the
l-iwr,  l-iwro

extent of carrier localization/backscattering in the materials. c=-1 corresponds to
fully backscattering and/or carrier localization and ¢=0 corresponds to the Drude
model. The Drude-Smith model takes into— account for carrier localization and
backscattering. Near the phase transition temperature, phase separation and
domain  formation  affect carrier  pathways and  bring  more
localization/backscatteiring. It should be noted that the measured complex THz
conductivity can also be fitted using effective medium theory (EMT) (blue lines in
Figure 1(d)). However, the EMT is applicative in some reports,[68, 69, 73] while
it does not reproduce the quality of the Drude-Smith fittings in others.[71-73] This
discrepancy arises from the differences of the samples, such as the crystalline

qualities, grain size and so forth.
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Figure 1. (a) THz waveform transmitted through the sample at 340 K when heated from
300 K (red solid line) and when cooled from 370 K (blue dash line). (b) The
frequency-dependent conductivity which determined by the transmitted waveform in (a)
and at 300 K. (c) The temperature-dependent hysteresis of THz conductivity (left scale,
red diamonds for heating process, blue dots for cooling process) and of the conductance
determined by standard dc electrical measurements (right scale, dashed line for heating
process, solid line for cooling process). (Reproduced with permission from [74].
Copyright 2007 The American Physical Society) (d) Complex conductivity of VO, thin
film at different temperatures as the sample is cooled. Red solid lines are best fit of the

Drude-Smith model. (Reproduced with permission from [71]. Copyright 2010 American
Institute of Physics)

2.2 Optically controlled transition
A photoinduced phase transition of VO, can arise in a subpicosecond time scale.
This provides an ultrafast method to manipulate the overall phase of the
material.[75-77] Optical pump-THz probe (OPTP) spectroscopy has been
demonstrated an effective approach to probe the origin of photoinduced phase
transition and provide guidance to its potential applications.[56, 57, 74, 78-80]
The time-resolved conductivity increases sharply within 1 ps after the
photoexcitation, followed by gradually increasing in a time scale of ~100 ps
(Figure 2(a)). The sharp increase suggests the formation of metallic phase
domains after photoexcitation. The subsequent increase of the conductivity

indicates the gradually growth and coalescence of the metallic domains in VO,



thin film. The maximum conductivity at each pump fluence is extracted (Figure
2(b)) and a nonzero fluence threshold behavior is observed. The existence of a
fluence threshold is a well-known feature of the photoinduced phase transition.[57,
74] To further explore the dynamics evolution of the phase transition process, the
complex THz conductivity is plotted as a function of pump-probe delay time
(Figure 2(c)). The complex conductivity can be well fitted by the Drude-Smith
model. By monitoring the temporal evolution of parameter c, a clear picture
regarding the dynamics of photoinduced phase transition can be obtained. Once
the metallic domains are induced in the sea of insulating phase, the backscattering
of free carriers occurs at boundaries of the metallic domains. This facilitates a
relatively large absolute value of parameter c. When metallic domains grow and
coalesce to form a continuous film, the domain boundaries reduce and the
parameter ¢ tends to be zero. Remarkably, if the pump fluence is not sufficient to
complete the structural phase transition, the transient metallization can only last a
few picoseconds in the THz signal.[79, 81] This phenomenon can be utilized to
design metamaterials which requires ultrafast response speed on time scales faster

than a nanosecond.
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Figure 2. (a) Photoinduced photoconductivity change at 300 K at different fluences
ranging from 11.1 mJ/cm? to 19.1 md/cm? (b) Magnitude of conductivity change as a
function of fluence at 300 K. (Reproduced with permission from [74]. Copyright 2007
The American Physical Society) (c) Real (squares) and imaginary (dots)
photoconductivity at 295 K at various pump-probe delay times. Black lines are fits to the
Drude-Smith model. (Reproduced with permission from [80]. Copyright 2012 The
American Physical Society)

THz Metamaterials based on VO,

Since the THz signal is very sensitive to conductivity, the significant change of the
conductivity induced by the phase transition makes VO, a usable component of
metamaterials. Combining the phase-change functionality with metamaterials is a
promising direction which offers high-contrast, electrical/optical-controlled
metamaterial devices.[82] Besides VO,, gallium metal nanoparticles[83] and
germanium-antimony-telluride (GST) films[84-87] have been also utilized to
fabricate metamaterials. Comparing with other phase-change materials, VO,
presents a giant change of conductivity upon the phase transition. In addition,
response time can be as fast as picoseconds when the phase transition is induced
by optical pump. Furthermore, various approaches have been advised to fabricate

VO,, including sol-gel method, sputtering, PLD approaches, and so forth.[88-91]



This makes it easy to be integrated with other conventional materials (e.g. silicon,

quartz, sapphire, etc.).

3.1 Metal resonators/\VO, hybrid THz metamaterials

Effective manipulation of THz electromagnetic field has attracted great attentions
in recent years because of its promising potentials in the applications of
nondestructive  testing, imaging, security  checking, and  wireless
communication.[92-94] As an artificially designed electromagnetic structure,
metamaterials provide an effective means to realize the effective manipulation of
THz field and hence THz functional devices.[95] However, the functionalities of
the devices are significantly restricted by the intrinsic properties of the constituent
materials. To solve this issue, hybrid structures consisting of sub-wavelength
structures/functional materials/dielectric substrate are proposed to fabricate
versatile metamaterials. The MIPT of VO, facilitates it a promising functional
material to combine with the metal resonators and te-construct active THz devices
with hybrid structures. Since the phase transition can be easily triggered by
temperature, electric field or light, the operation of the corresponding THz devices
could be flexibly realized via multiple manners. Various THz metamaterials
device consisting of metal resonators on VO, thin film have been designed and
demonstrated.[40, 49, 60, 61, 96-103]

The thermal-active THz nanoantennas could be facilitated based on VO,. The

operation of the device is realized via inducing the phase transition of VO, by



heating.[61] VO thin film is inserted between a gold layer and sapphire substrate.
An ultra-broad-band slot antenna array is fabricated in the gold layer. The
architecture of the metamaterial is illustrated in Figure 3(a). At lower temperature,
VO, thin film is insulator. The THz transmission spectrum passing through the
VO, film shows an ultra-broad-band covering the spectral range of 0.2-2 THz
(Figure 3(b), blue line). At higher temperature, VO, thin film converts to metallic
phase. THz transmission is dramatically suppressed over the whole frequency
range (Figure 3(b), red line), where the extinction ratio reaches 1000 to 1. This
nano-resonator-based metamaterial converts itself from transparent to opaque in
the THz range with increasing temperature. Benefiting from the MIPT of VO,,
both ultra-broad-band operation and full transmission/extinction control are

achieved simultaneously in this hybrid metamaterials device.
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Figure 3. (a) Hlustration for ultra-broad-band gold resonator patterns on a VO, thin film.
(left). SEM image of a-the nanoresonator pattern (350 nm width and 50, 60, 100 and 200
um lengths with 3, 5, 7, 13 um separations, respectively). (b) Transmittance spectrum of
the ultra-broad-band resonator on VO, thin film at the frequency ranging from 0.2-2.0
THz at 305 K (blue line) and 375 K (red line). (Reproduced with permission from [61].
Copyright 2010 American Chemical Society) (c) Schematics of the electrical-controlled
metamaterials device. Unit cell of the metamaterials absorber is depicted in the inset
where P=1550 nm and w=600 nm. The top patterned gold layer is connected to an electric
field, which simultaneously supports optical resonances and electrical functionality for
Joule heating. The reflectance of incident light can be tuned immediately as a function of
the current flowing through the layer, which induces the MIPT in VO,. (d) Measured
reflectance spectra for various intensities of electrical current applied. (Reproduced with
permission from [40]. Copyright 2016 Macmillan Publishers Limited) (e) 3D model of a
unit cell of the dual-resonance metamaterials-VO, hybrid structure. (left) SEM image of
the manufactured array. (right) (f) Frequency spectra obtained by THz-TDS. The phase



transition of VO, thin film is triggered by an external 808 nm laser with different pump
power. (Reproduced with permission from [98]. Copyright 2014 Optical Society of
America)

Besides the thermal-active manner, an electrical-active metamaterial has also been
demonstrated based on VO,.[40] The operation of the device is realized via
inducing the MIPT of VO, by applying electrical field. Figure 3(c) schematically
illustrates the architecture of this hybrid metamaterial. It consists of a sandwich
structure with a patterned-mesh top gold layer, an active VO, thin film and a gold
ground plane. Al,O3 layers are inserted in between gold and VO,. The thin Al,O3
layer can lower the impact of the loss of VO, at room temperature to achieve
sharper resonance. In addition, Al,O3 layer can serve as a diffusion barrier which
promotes the crystallization of VO, during the fabrication process.[40] The top
gold layer is connected to an external circuit which can provide Joule heat as a
result of in-plane current flow. The performance of this electrical-active
metamaterial is shown in Figure 3(d). Comparing with the spectrum at | = 0 A,
absolute modulation of 80% and 75% can be observed at wavelength of 3.05 and
3.85 um when I rises to 1.2 A. For the current values between 0 A and 1.2 A, the
THz waves are gradually scaled with current. This can be attributed to the
percolation progress of VO,. The percolation progress produces localized phase
transformations which change the permittivity of VO, and thus affect the response
of the metamaterials. In addition to the modulation of the amplitude, the resonance
frequencies can also be adjusted (Figure 3(d)). The observed hysteresis behavior is

consistent with the MIPT process of VO,. These results render the metamaterials



based on VO, the promising potentials in the multifunctional THz optoelectronics,
such as metasurfaces for sensing and imaging,[104-106] switchable nanoantenna
arrays,[107-109] and memory structures.[60, 101, 110, 111] By applying a series
of electrical current pulses (Figure 3(d)), the electrical switching effect was
demonstrated. Besides the significant variation of the conductivity during MIPT,
the characteristic curves of VO, also exhibit hysteresis. Taking advantage of this
hysteric behavior, memory effects in metamaterials are realized. By controlling
the metallic and insulator state of VO,, the switch of ‘0’ and ‘1’ states can be
flexibly achieved.

Photoinduced active THz functional devices with the combination of
dual-resonance metamaterial and VO, film have been recently demonstrated.[98]
The design of the dual-resonance metamaterial is shown in Figure 3(e). The
transmittance of the THz wave through the device could be effectively modulated
by the external pump laser (Figure 3(f)). The modulation depth reaches the
maximum at the well-transmission frequency band of 0.28-0.36 THz. This region
is defined as “modulation region”. This device could provide an ultrafast
modulation speed of 1 MHz under the control of the pump laser. The
photoinduced characteristics of this device may have potential applications in THz
functional components, including modulators, intelligent switches, sensors and
other devices of interest.

Considering the described results above, metamaterials can significantly promote

the development of THz technology. Vice versa, THz technology can enhance our



understanding of the interaction between metamaterials and electromagnetic
waves.[64, 103] A representative example is the observation of
metamaterials-enhanced high-field THz pulses.[64] In this work, the THz
electrical field in the SRR capacitive gap can be significantly enhanced by more
than one order of magnitude. Figure 4(a) shows the optical image of a SRR
structure deposited on VO, thin film. Full wave electromagnetic simulations are
commonly employed to reveal the features of the field enhancement in SRRs. The
simulated transmission spectrum in the middle of the horizontal gaps presents a
broadband enhancement of the THz field (Figure 4(b)). Figure 4(c) illustrates the
spatial resolution of the field enhancement. The enhancement is more significant
in the horizontally gaps, where it shows a 27-fold enhancement of the THz filed.
The SRRs are very sensitive to the power of the incident THz fields (Figure 4(d)).
At the highest electrical field of 4 MV cm™, the in-gap enhanced THz field is high
enough to cause the permanent damage of the VO, metamaterials. The damage of
VO, thin film can be observed by SEM image (Figure 4(e)). Moreover, the
enhanced THz field can induce phase transition of VO, thin film. The phase
transition of VO, can be confirmed by THz pump-probe measurement which
monitors time-resolved transmission of a weak-field THz probe. This work has
demonstrated that metamaterials can be used to enhance THz pulse and the
enhanced THz field can induce phase transition of VO,. Methodology in this work

can be used to study THz-induced phase transition in other materials.
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Figure 4. (a) Optical image of metamaterial SRRs deposited on VO,/sapphire. The SRR
gap is 1.5 um. (b) Frequency-dependent in-gap electric field enhancement. (c)
Simulations of the electric field enhancement in the SRRs. (d) Field-dependent
transmission spectra of SRRs on VO, at 324 K, corresponding the in-gap field ranging
from 0.3 to 3.3 MV cm™. (e) THz-field-induced damage of a single SRR as revealed by
SEM image. (Reproduced with permission from [64]. Copyright 2012 Macmillan
Publishers Limited)

3.2 Active THz metamaterials with VO, resonators
Recently, resonators made of semiconductor,[28, 43, 45] ferroelectric materials[44]
or phase transition materials[46, 112, 113] have been employed to construct
frequency agile metamaterials. However, some of these devices have difficulties
in real applications because they need complex operation conditions such as
strong applied magnetic field or low temperature. Based on the MIPT of VO, the
realization of this kind of metal-free metamaterials is greatly promising. A planar
metamaterial, whose resonators are VO, cut-wires, have been fabricated and
operated.[46] SEM image of a THz metamaterial consisting of VO, cut-wires

resonators on silica glass is shown in Figure 5(a). To achieve strong THz



resonance, the parameters of VO, cut-wires are optimized. The measured THz
transmission spectra are shown in Figure 5(b), where the modulation of the
transmission is achieved by controlling the temperature of the device. High THz
transmission over the measured frequency range is observed at 300 K. VO, thin
film is insulating at that temperature. However, when VO, transforms to its
metallic state at higher temperature, the THz transmission decreases and a
resonant absorption is observed. A resonance around 0.6 THz is observed and the
THz transmission drops to 17% at 340 K. Comparing with the transmission at
room temperature, large transmission modification over 65% at ~0.6 THz is
achieved. The most significant drop of the THz transmission occurs in a narrow
temperature window (320-340 K). This window is consistent with the temperature
region where the phase transition of VO, occurs. The variation of the measured
transmission with temperature is consistent with the variation of the simulated
transmission with the conductivity of VO, (Figure 5(c)). It reveals that the
conductivity of VO, increases almost 2—two orders of magnitude in the
temperature range of 320-340 K. The modulation speed of this device would be
very fast as it is dominated by the speed of the MIPT of VO, which is in the time

scale of picosecond.
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Figure 5. (a) SEM image of the VO, cut-wire array. The designed size is as below: 1=108
um, w=6 pum, d=30 pum, and t=13.5 pum. Inset displays the schematic of the cut wire
structure. (b) Measured THz transmission of VO, cut-wire metamaterials at different
temperature. (c) Comparison of measured (stars) and simulated (dots) transmission at
resonance frequency (0.6 THz). (Reproduced with permission from [46]. Copyright 2010
American Institute of Physics)

Metamaterials based on VO, for other spectral ranges

Besides the modulation of THz radiation, metamaterials based on VO, can also be
employed to modulate radiations with other optical frequencies, such as
microwave, infrared and visible radiations. In this section, we will review the

metamaterials based on VO, used for these spectral ranges.

4.1 Microwave spectral range

Metal resonators with larger size would facilitate the metamaterials working at
higher frequency region. Besides the THz metamaterials, VO, has been employed
as the building block of metamaterials working at microwave frequency when
metal resonators with larger size are designed.[114] The active microwave
metamaterial is realized by incorporating VO, thin film beneath copper SRRs
(Figure 6(a) and (b)). The modulation of the amplitude and frequency of the
resonance absorption of the device can be achieved via inducing the phase

transition of VO, by changing temperature (Figure 6(c)). At room temperature,
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two strong absorption peaks at 9.36 GHz and 18.6 GHz are observed. The
maximum absorptivities of these two peaks are 87.0% and 93.0%, respectively.
When temperature increases to 345 K, the absorptivity of the peak at lower
frequency decreases from 87.0% to 71.7%, while the peak position shifts from
9.36 GHz to 9.98 GHz. The maximum absorptivity of the peak at high-frequency
presents a dramatic drop from 93.0% to 39.4% and the peak position shifts from
18.6 GHz to 19.1 GHz. Hence a relative amplitude modulation of ~ 57.6% at
microwave region (~ 19 GHz) is realized in VO,-based microwave metamaterials.
The remarkable variation of the absorption characteristics only occurs at a narrow
temperature window (337 to 345 K, Figure 6(d)). This is consistent with the
temperature range of the MIPT of VO,. Thus it can be concluded that the
thermally triggered phase transition of VO, facilitates the modulation

functionality of the microwave metamaterial.
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Figure 6. (a) Schematic of the designed SRR unit cell of dual-band metamaterials
absorbers. (b) Perspective view of the absorber sheet. Gray, yellow and red colors
represent the sapphire substrate, copper metal and VO, film, respectively. (¢c) Measured
absorption spectra of the VO, metamaterial absorber as a function of device temperature.
Inset: image of fabricated device. (d) Peak absorption amplitude as a function of
temperature. Inset shows the temperature-dependent corresponding peak frequency.
(Reproduced with permission from [114]. Copyright 2012 IOP Publishing Ltd)

4.2 IR spectral range
Utilizing the phase transition of VO,, metamaterials working in IR range can be
achieved by using hybrid structures.[29, 115] An active metamaterials working at
near-IR wavelengths has been demonstrated based on silver/VO, hybrids.[29]
This device consists of planar hybrid silver/VO, SRR arrays or self-aligned
silver/VO, SRR arrays (Figure 7(a)). The SEM images of the fabricated SRR
arrays are displayed in Figure 7(b). Two resonance peaks (at 2.1 pm and 3.6 um)

are observed after collecting the reflection of the light from the planar hybrid-SRR



structure at room temperature (Figure 7(c)). These two distinct resonant peaks
disappear at 85 °C due to the occurrence of the MIPT of VO,. In the self-aligned
hybrid-SRR arrays, the resonant peak is observed at 2.52 um. When phase
transition occurs, the resonant peak red shifts by AA=100 nm to 2.62 pum. This
work demonstrates that the resonance of metamaterials can be engineered by
using different hybridization mechanisms. Moreover, incorporating VO,

nanostructures in SRR arrays can achieve better performance of the device.
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Figure 7. (a) Schematic of a planar hybrid-SRR (top) and a self-aligned (bottom)
silver/VO, metamaterial unit cell. (b) SEM images of the fabricated coupled-SRR arrays.
(c) NIR reflection spectra of 150 nm silver metamaterials arrays on 60 nm VO2 thin films.
Inset shows the NIR spectra of a non-pattern VO, thin film. (d) Simulated reflect spectra
for the same structure using FDTD. (e) NIR reflection spectra of self-aligned 150 nm
silver/60 nm VO, hybrid-SRR arrays. It shows a 100-nm resonance peak shift. (f)
Simulated reflect spectra of the self-aligned hybrid-SRR arrays. (Reproduced with
permission from [29]. Copyright 2009 Optical Society of America)
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Besides the structure of metal resonators/\VVO, hybrids, the metamaterial only
composed of three-dimensional VO, nanopillar arrays has been demonstrated to
present the working region in IR.[115] The MIPT temperature of VO, could be

gradually controlled by applying W-doping. The phase transition temperature



gradually decreases with increasing concentration of W in VO, (Figure 8(a)). The
abrupt change of reflectance across the phase transition is maintained in W-doped
VO,. Figure 8(b) shows the transmittance response of the devices consisting of
metallic VO, nanopillars with different diameters. The resonance peaks are shifted
from 1520 to 1750 nm with increasing diameter from 250 to 460 nm. This is
consistent with the results of FDTD simulation (Figure 8(c)). In addition,
three-dimensional VO, nanopillars consisting of vertical stacks of W-doped VO,
on undoped VO, were further designed. Figure 8(e) and (f) schematically illustrate
the architecture of the nanopillar arrays composed of 3% W-doped VO, and
undoped VO,.The W-doped VO, is metallic while the pristine VO, is insulator at
room temperature. Thus, a metal-insulator hybrid structure is formed in each pillar.
The transmission spectrum presents a broad peak located at ~1900 nm. When the
temperature increases beyond the phase transition temperature of undoped VO,,
the upper part of the pillars transforms to its metallic phase. The resonance
response of the nanopillars shifts from 1900 to 1750 nm. The shift of the
resonance peaks is due to the effective increase of the height of the metallic

nanopillars.
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Figure 8. (a) Temperature-dependent reflection of W-doped VO, thin films with different
W doping concentration at 2500 nm. A decreased phase transition temperature is observed
when W doping concentration increases. (b) Experimental and (c) simulated transmittance
of VO, nanopillar arrays of varying dimensions. (d) Transmittance of layered VO,
nanopillar arrays which vertically stack with 3% W-doped and undoped VO,. Schematic
of nanopillar arrays at (e) 25 and (f) 100 °C. (Reproduced with permission from [115].
Copyright 2013 American Chemical Society)

4.3 Visible spectral range
A modulator based on VO,/Au SRRs working in visible spectral range has also
been demonstrated.[116] Initially, an Au SRRs with varying gap size on the ITO
glass substrate is fabricated. Typical SEM image of the Au SRRs with the gap size
of 80 nm is shown in Figure 9(b). The extinction spectra collecting from the
samples with different gap sizes (80, 50, 30 nm, respectively) are shown in Figure
9(a). The spectra exhibit two significant resonances. “Peak 1” is due to the
coupling of the two arms of SRR and “Peak 2” is attributed to the response of the
entire structure. The red shift of Peak 1 in the three samples arises from the
decreased interarm distance which enhances the coupling of the two arms and
lowers the interaction energy. After depositing 25 nm VO, onto the samples,

extinction spectra from the SRR/VO, hybrids are recorded as a function of



temperature. The resonance position of Peak 1 is extracted from each spectrum
and plotted as a function of stabilized temperature (Figure 9(d)-(f)). The resonance
peak moves to lower wavelength with increasing temperature. When the sample is
cooled down, the peak position returns to its original position. The shift of the

resonance arises from the significant decrease of the real part of the permittivity of

VO, when it transforms to its metallic state.
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Figure 9. (a) Extinction spectra for the bare Au SRRs with 80 nm gap (black), 50 nm gap
(red) and 30 nm gap (yellow), respectively. (b) SEM images of fabricated sample of Au
SRRs on ITO substrate. (¢) SEM images of a VO,/Au SRRs sample which is deposited 25
nm VO, only. The inset shows the presence of multiple grains within the 80 nm gap. (d-f)
Hysteresis diagrams are obtained by monitoring Peak 1 positions of the SRRs with (d) 80
nm, (e) 50 nm and (f) 30 nm gap upon different temperatures. (Reproduced with
permission from [116]. Copyright 2011 American Chemical Society)

5. Conclusions and prospects-
VO, has been demonstrated to present significant and reversible phase transition
at relatively lower temperature. This property facilitates VO, an effective

constituent material to be incorporated into metamaterials. Since the phase



transition could be easily triggered by thermal, electrical or optical approaches,
the performance of the tunable metamaterials based on VO, could be flexibly
controlled by applying heat, light or electric field. In this review, we have
provided a comprehensive overview on the recent research efforts to the
demonstration of metamaterials based on the MIPT of VO,. Firstly, we have
reviewed the investigations of the MIPT mechanisms in VO, via THz
spectroscopies. Subsequently, we have extended the description to the recent
reports on metamaterials devices based on VO,. THz metamaterial devices
consisting of metal resonators/\VVO, hybrid and the metal-free devices consisting
of VO, resonators are summarized. Metamaterial devices working in other optical
frequency ranges, such as microwave, infrared and visible spectral range, are also
reviewed. The architectures and functionalities of the metamaterial devices are
described and the contribution of the MIPT of VO, is emphasized.

Despite varieties of investigations have been reported, further and deeper research
efforts are still required to design and fabricate novel metamaterials to realize
unique properties. Firstly, there are only few reports on the metamaterials devices
whose sub-wavelength structures are made by VO,. Employing VO, as
sub-wavelength structures can avoid using noble metal to construct metamaterials.
This would reduce the cost of manufacturing. By changing the dimension of the
VO, resonator, this kind metamaterial is expected to achieve giant modulation
depth in a wide frequency range. Secondly, the application of VO, to the

metamaterials working at visible and near-IR spectral regions is still in the



preliminary stage. The metamaterials working at shorter wavelength regions
require the resonators with smaller size. This brings in challenges in the
fabrication process. With the development of micro/nano manufacturing
techniques, the recent laser-laser-based lithography could fabricate nanostructures
with sub-wavelength spatial resolution in a high-speed manner.[117, 118] In
addition, the micro/nano manufacturing techniques based on electron beam or ion
beam have the capacity to fabricate structures with spatial resolution <10 nm over
large area substrates with low cost.[119, 120] Recently, Jeong et al. fabricated a
nanogap-VO, hybrid structure.[121] In the 5 nm gap-VO, hybrid film structure,
the hysteresis behavior can be manipulated via nano patterning. The advanced
micro/nano manufacturing techniques are expected to promote the realization of
multifunctional metamaterials devices working in a wide frequency range.

Considering the reported subpicosecond response time of VO, under external

stimulus, the VO, metamaterial devices may open up new avenues for highly

tunable ultrafast metamaterial devices. The ultrafast metamaterial devices can be

used in future telecommunication systems. THz communication has been

proposed as a promising way to further improve the transmission rate and

capacity due to its higher carrier frequency. Although THz communication has

many advantages over optical fiber and microwave communications, it has not

been widely used due to the lack of mature devices. The realization of novel VO,

metamaterial devices will allow photonics to compete with electronics in

telecommunication systems.
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